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IN-SITU ANALYSIS OF VOLATILES OBTAINED BY CATALYTIC CRACKING OF 
POLYETHYLENE WITH HZSM-5, HY, AND HMCM-41
Nathan D. Hesse 
ABSTRACT
A variety of plastic waste recycling methods have been established and new 
recycling approaches are being developed to avoid placing polymers into landtllls. One 
approach to waste plastic recycling, known as tertiary recycling, consists of decomposing 
plastics into useful chemicals or fuels. Repetitive injection thermal analysis gas 
chromatography mass spectrometry and thermal analysis mass spectrometry allow us to 
identify and quantify volatile products evolved from complex temperature-dependent 
systems. Volatile products from cracking/hydrocracking of low molecular weight 
polyethylene (LPE) were analyzed and activation energies of formation were determined 
when HZSM-5, HY. HMCM-41, and their platinum loaded analogs were employed as 
cracking catalysts.
When LPE is heated in helium with HZSM-5, paraffins are detected initially and 
olefins are produced at somewhat higher temperatures. Volatile paraffin formation by 
disproportionation reactions catalyzed by external HZSM-5 acid sites is favored due to 
the low activation energy values for this pathway at low temperatures. Small olefins (C3- 
Cs) are the most abundant products when HZSM-5 and HMCM-41 catalysts are 
employed for cracking LPE. In contrast, cracking with HY produces primarily paraffin
XVI
volatile products (C4-C8). HY pores are large enough and acid sites are strong enough to 
promote disproportionation reactions, which lead to formation of volatile paraffins.
When polymer/catalyst samples are heated in hydrogen, the extent of 
hydrogenation is reflected by reduced residue content and variations in E» versus 
temperature curves. The addition of platinum increases volatile aromatic and oletln 
yields and/or residue content when polymer/catalyst samples are heated in helium. 
Bi functional hydrogenation reactions dominate volatile product forming reactions, 
resulting in mainly paraffin products and small amounts o f residue. Activation energy 
value differences between polymer/Ptcatalyst samples heated in hydrogen and the same 
samples heated in helium may be responsible for observed temperature shifts. The 
magnitudes of hydrogenation and/or platinum catalyzed effects appear to be related to 
catalyst pore size and acidity.
Volatile product slates derived from LPE cracking/hydrocracking differ 
significantly with temperature, reaction atmosphere, and catalyst physical characteristics 
(i.e. pore size, acidity, metal loading). When thermal analysis-gas chromatography mass 
spectrometry and thermal analysis-mass spectrometry results are considered, volatile 
product variations can be rationalized by effects of catalyst acidity and/or pore size on 
mono- and bifunctional cracking mechanisms.
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CHAPTER 1 - INTRODUCTION
1.1 Background
The disposal of municipal solid waste (MSW) is recognized to be a major 
environmental problem. The amount of MSW generated annually in the United States 
has risen steadily from 88.1 million tons in 1960 to 231.9 million tons in 2000.' 
Currently, 30% of all MSW is recycled, leaving 162.0 million tons to be disposed. The 
most common method of MSW disposal is landfilling. However, landfills are becoming 
much more expensive to operate and new landfill sites are often vigorously opposed. An 
alternative to landfilling is desperately needed because the space available for waste 
disposal is shrinking. Between the years of 1988 and 2000, the number of landfills in 
operation in the United States decreased from 7924 to 1967.' Federal legislation and 
public distaste for landfills make it difficult to establish new landfill sites. Clearly, new 
waste treatment processes that reduce the volume of landfilled MSW are urgently needed.
The United States government has recognized this problem and has shown 
interest in recycling as a means for waste reduction. WasteWise is a free, voluntary. 
United States Environmental Protection Agency (U.S. EPA) program implemented in 
1994 through which organizations are shown how to eliminate costly MSW, 
simultaneously benefiting their bottom line and the environment.^ As of July 2001, over 
1 1 0 0  companies, state/local governments, and colleges were registered with the 
WasteWise program including: Eastman Kodak, GM, Anheuser-Busch, and Sandia 
National Laboratories.
In November 2001, a proclamation by the President of the United States was 
given commemorating November 15 as “America Recycles Day.” George W. Bush 
stated:
“Our nation is making great progress by recycling, but we can and must 
do better. America Recycles Day 2001 represents a partnership among 
government, industry, and environmental organizations to promote 
recycling and to encourage the participation of all our citizens.”
In September 2002, the U.S. EPA initiated another recycling program to urge all North 
Americans to take renewed responsibility for their individual impact on the environment.^ 
The “Resource Conservation Challenge” is a campaign challenging North Americans to 
meet or beat two goals by 2005: boosting the national recycling rate from 30 percent to at 
least 35 percent and limiting the generation of 30 harmful chemicals by 50 percent. To 
help meet the goals of the challenge, EPA has also announced 12 new innovative projects 
that will test creative approaches for waste minimization, energy recovery, recycling, and 
land revitalization. The goal of the resource conservation challenge and the innovative 
projects will be less waste, more economic growth, and greater energy savings and 
recovery.
MSW plastics constituted 10.7% of the total weight and about 20% o f the total 
volume of MSW generated in the United States in 2000.' Increased plastic waste 
recycling is one response to the Resource Conservation Challenge. There are a variety of 
plastic waste recycling methods and the American Society for Testing Materials (ASTM) 
has categorized them into four different types. Primary recycling can be applied to waste 
that consist of polymers that are free from impurities. They can be used like virgin
plastic material during processing. Secondary recycling can be employed to convert 
plastic waste to new plastic materials that require less demanding performance 
characteristics than the original products. In tertiary recycling, waste plastics are 
degraded to produce chemicals or fuels. Plastic waste possesses high-energy content. 
Quaternary recycling, more commonly known as incineration, is used to convert plastic 
waste into thermal energy.
One advantage of tertiary and quaternary recycling is that commingled or 
contaminated waste, which makes up a majority of plastic MSW, can be recycled. 
However, quaternary recycling suffers from limited acceptability because of toxic 
emissions released by incineration and many volatile emission regulations restrict the use 
o f this method. The U.S. is heavily dependent on liquid fuels, such as gasoline, diesel, 
and jet fuel. The present demands for these fuels far exceed domestic petroleum 
production capacity, and over one-half of these fuels are imported.'* Converting waste 
plastic into liquid fuels would not only supplement U.S. energy supplies, but could also 
help to mitigate environmental disposal problems.^ Therefore, one focus of current 
research is to convert plastic waste to useful fuels by tertiary recycling.
There are five different categories of tertiary recycling (otherwise known as 
feedstock or chemical recycling): chemical depolymerization, gasification, catalytic 
cracking and reforming, and hydrogenation.^ Chemical depolymerization involves 
chemical reaction with specific agents to recover monomers. Gasification with oxygen 
and/or steam is used to produce synthesis gas (CO and Hz). Catalytic cracking and 
reforming processes break down polymer chains to form smaller hydrocarbon products. 
In hydrogenation, the polymer is degraded by the combined actions of heat, hydrogen.
and in many cases, catalysts. Many different useful products may be formed through 
catalytic cracking, reforming, or hydrogenation reactions. Products depend on operating 
conditions and the type of catalyst employed.
Three main factors determine the profitability of tertiary recycling; the degree of 
separation required for the raw wastes, the value of the products obtained, and the capital 
investment in processing. In most tertiary recycling methods, some pretreatment and 
separation must be carried out on plastic waste prior to recycling, which results in 
increased recycling costs. According to the degree of separation required, feedstock 
recycling methods can be ordered as follows: gasification < thermal treatments, 
hydrogenation < catalytic cracking < chemical depolymerization.^ Many previous waste 
plastic recycling methods have failed because of the relatively low value of recycled 
products. However, as MSW amounts increase, landfill space decreases and the cost of 
landfilling increases. Eventually, government policies and legislation will demand 
recycling solutions that will make tertiary recycling methods viable.
A variety of plastic waste recycling methods have been established and new 
recycling approaches are being developed. Current large-scale recycling schemes do not 
incorporate catalytic cracking. However, the American Plastics Council (APC) and many 
other groups have sponsored extensive research in the area of feedstock recycling of 
plastics.^^ During the period between 1990 and 1998, the plastics industry invested more 
than $I billion to support increased recycling within the United States.^^ APC worked 
with Conrad Industries (Chehalis, Washington) to develop pyrolysis methods for 
converting plastic waste into petrochemical feedstocks. The plastic most studied has been 
a mixture of 60% high-density polyethylene, 20% polypropylene, and 20% polystyrene.
The U.S. Department of Energy has extensively investigated both the co-liquefaction and 
co-gasification of plastic waste with coal to produce petrochemical feedstocks and 
transportation fuels. Texaco and others have investigated the gasification of post-use 
plastic waste and other hydrocarbon feedstocks to produce synthesis gas (Hz and CO). In 
Europe, BP Amoco continues to explore fluidized bed conversion of polyolefins to 
produce petrochemical feedstocks. Consequently, there is an ongoing need for research 
in the field of plastic waste tertiary recycling.
1.2 Catalytic Cracking and Hydrocracking of Polyethylene
Many polymer cracking studies have focused on polyethylene (PE) because it is 
the most abundant polymer in MSW plastics. Low density polyethylene (LDPE) and 
high density polyethylene (HOPE) constitute 42.8% of all MSW plastics (Figure I-I).’ 
During the late 1970s and 1980s, Uemichi and coworkers investigated the use of silica- 
alumina, activated carbon, Pt/silica-alumina, and Pt/alumina catalysts for PE cracking.*'" 
With the exception of the Pt/Alumina catalyst, most of the collected cracking products 
were hydrocarbons smaller than Ciz. When the Pt/alumina catalyst was employed, a 
significant fraction (28%) of high boiling point products (>€22) were detected. Whereas 
most of the volatile products obtained by using the silica alumina catalysts were C3-C5 
isoalkanes, activated carbon yielded small n-alkanes (C|-Cs) and aromatics (Ca-C*) as 
primary products.
In 1987, Takesue and coworkers reported that PE cracking under mild conditions 
with a silica-alumina catalyst could be used to shorten polymer chains and increase chain 
branching. '  In their studies, catalytic reactions were conducted within glass reaction 
tubes heated to moderate temperatures (160-320 °C).
% Composition of Plastics in MSW
HOPE
19.6
LDPE
23.2
Other
Total Plastic in MSW = 24.7 million tons
"Municipal Solid Waste in the U.S.: Facts and Figures", EPA 530-R-02-001 (2002)
HOPE = High density polyethylene PP = Polypropylene
LDPE = Low density polyethylene PS = Polystyrene
PVC = Poly(vinyl chloride) PET = Poly(ethylene terephalate)
Other= ?
Figure 1-1: Composition of plastics in municipal solid waste (MSW) in the 
United States for the year 2000'
They employed polymer-to-catalyst ratios of unity for their experiments. Based on 
analysis of products isolated at different reaction temperatures, Takesue and coworkers 
determined that volatiles were not formed by chain end scissions, but were instead 
produced as a consequence of molecular weight decrease'^ which was accompanied by 
skeletal rearrangements that enhanced branching in the degraded polymer. In a later 
report, Takesue and coworkers compared the cracking products obtained from their batch 
reactor with those obtained from a fixed bed flow reactor. As expected, the much longer 
residence times afforded by the batch reactor led to the formation of smaller hydrocarbon 
products than those generated by the fixed bed flow reactor at the same temperature. 
When NaY zeolite was employed to crack PE in a batch reactor at temperatures between 
180 and 300 °C, volatile products were primarily isobutene and isopentane (75-93%), 
which were formed in nearly equal amounts. A “back biting” reaction scheme in which a 
C9 intermediate was formed was proposed as the predominant low temperature reaction 
mechanism.
In 1989, Beltrame and Camtiti reported results from PE catalytic cracking in a 
batch reactor at reduced pressure (0.1-0.2 Torr).'* The activities of alumina, silica, HY. 
rare earth Y (REY), and silica-alumina catalysts were compared. Silica and alumina had 
little effect on polyethylene decomposition processes. Overall activation energies 
derived by applying the Freeman-Carrol method to thermogravimetric (TG) results 
confirmed that the zeolite catalysts (HY and REY) were more effective for cracking PE 
than silica-alumina.'*
Ivanova et al. described the effects of Lewis acid catalysts on PE cracking in 
1991.'^ They reported that changing the composition of the Lewis acid catalyst could
alter volatile product slates. Product selectivity was found to increase as the catalyst 
acidity was reduced. For example, when PE was cracked by using AICI3, 41% of the 
volatile products were C4 hydrocarbons and 53% were hydrocarbons with five or more 
carbons. In contrast, when MgCh'AlCb was employed as the cracking catalyst, the C4 
hydrocarbon yield rose to 85% and the abundance of hydrocarbons with more than five 
carbons was negligible.
During the early 1990s, several groups became interested in using catalysts to 
reform thermal decomposition products. Haskhimoto and coworkers evaluated the use of 
a variety of zeolite acid catalysts for reforming PE products generated by thermal 
decomposition.^" REY was found to yield reformed products with the highest research 
octane number (RON = 67). Ng et al. produced gasoline fractions with RON values 
ranging from 70 to 85 by using HY to reform waxes derived from thermal decomposition 
of LDPE and HDPE.^' Using a similar approach, Ohkita et al. compared the reforming 
capabilities of HZSM-5 and silica-alumina catalysts.^ They found that the relative yield 
of gases (C 1 -C 4 ) increased with increasing acidity of the cracking catalyst.
Attempts have been made to blend polymers with other feedstocks prior to 
catalytic cracking. Ng demonstrated that a blend of PE with vacuum gas oil (VGO) could 
be cracked to yield fiiels.^ Unfortunately, the limited solubility of PE in VGO restricted 
blends to a maximum of 10% polymer by weight. Liu and Meuzelaar studied catalytic 
cracking of PE mixed with coal.^  ^ They found that HZSM-5 accelerated the rate of 
decomposition o f coal commingled with plastic by a factor of 10 at 420 °C. Ding et al. 
reported that metal-loaded (Pt, Pd, Fe, and Ni) silica-alumina increased the catalytic 
activities of oil conversion for co-liquefaction of HOPE and coal mixtures at 430 °C
under 2000 psig hydrogen/^ In a similar study, Joo et ai. found that NiMo/HZSM-5 was 
more effective in forming liquid products than HZSM-5 for the co-liquefaction of LDPE 
and coal.^*
The number of published reports pertaining to PE cracking has increased 
substantially in the past few years. Ochoa and coworkers employed a series o f silica- 
alumina catalysts with varying Bronsted/Lewis acid site ratios and determined that the oil 
yield from medium density polyethylene (MDPE) was determined by the Bronsted 
a c i d i t y A g u a d o  et al. compared the activities and product selectivities of LDPE and 
HDPE cracking by using HZSM-5 and MCM-41 catalysts."*’^  They found that HZSM-5 
was more active for PE cracking due to increased acid strength, but the selectivity toward 
the formation o f gasoline and middle distillates (C5-C12) was clearly higher for MCM-41. 
Sakata and coworkers produced fuel oil from PE by using silica-alumina, ZSM-5, and 
non-acidic mesoporous silica.^°" '^ Interestingly, mesoporous silica exhibited a catalytic 
effect that was similar to one of the silica-alumina catalysts. Sharratt and coworkers used 
a fluidized-bed reactor and HZSM-5 catalyst to crack HDPE with 90 wt. % yield at 360 
and then extended the study to include silica-alumina, mordenite, and HY 
catalysts.^^ The same group characterized the deactivation of US V zeolite by monitoring 
changes in the TG properties of polymer/catalyst mixtures.^
Garforth et al. used activation energies derived from TG measurements to 
compare the cracking properties of ZSM-5, HY, and MCM-4l.^^ Coking was most 
significant for HY and MCM-41 exhibited the lowest HDPE cracking activation energy. 
In a similar study, Fernandes et al. compared the TG derived activation energy for HDPE
thermal decomposition with that for HZSM-5 catalytic cracking and found that the 
catalyst reduced the activation energy by more than a factor of two/^^^
Dufaud and Basset employed a zirconium hydride Ziegler-Natta catalyst to crack 
PE in a hydrogen atmospehere.^* Ding et al. compared the catalytic activities of HZSM-5 
and TiCI] for HDPE cracking.^’ TiCIa, which is an HDPE polymerization catalyst, 
yielded more n-alkanes than HZSM-5 and appeared to work via a radical mechanism. 
The same group also studied the hydroconversion o f HDPE with sulfîded Ni and Ni Mo 
silica-alumina and compared these catalysts to HZSM-5.'*” They found that Ni/silica- 
alumina produced better quality liquid products than commercial gasoline (i.e. more 
isoparaffins and fewer aromatics).
Park et al. compared the effectiveness of a natural zeolite (clinoptilolite structure. 
HNZ) and nickel-loaded HNZ (Ni/HNZ) to silica-alumina and HZSM-5.*' All four 
catalytically cracked PE, but volatile product slates were significantly different. For 
example, the gas yields for the Ni/HNZ and HNZ samples were found to be 64% and 
35%. respectively. Uemichi et al. employed sequential catalyst beds (silica-alumina 
followed by HZSM-5) to crack PE into gasoline-range hydrocarbons.*^ Optimum reactor 
conditions produced a 58.8% yield of RON = 94 gasoline. Manos and coworkers 
reported that carbon number distributions for products formed during HDPE cracking in a 
semi-batch reactor varied with cracking catalyst.*^"** They found that product size 
distributions were dependent on catalyst pore size and that USY, HY and P-zeolite 
formed more alkane products and HZSM-5 and MOR formed more alkene products. In a 
similar study, Serrano et al. compared HDPE cracking products for HZSM-5, HMCM-41 
and HP and found that HZSM-5 formed the highest gas yield (50% wt ), whereas HP and
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HMCM-41 formed higher liquid yields 60% and 54% wt., respectively.^^ Van Grieken et 
al. compared HZSM-5, HY, silica-alumina, MCM-41, PdMCM-41, and Pd/charcoal 
powder for LDPE and HDPE cracking between 360 to 420 °C. Product distributions 
suggested a random scission mechanism.^^^
Walendziewski et al. studied thermal cracking, catalytic cracking, and 
hydrocracking of PE in closed autoclaves and reported that the addition of hydrocracking 
catalysts decreased the boiling range and unsaturation of liquid products compared to 
thermal and catalytic cracking.^ '^*^ Lin and coworkers used combined kinetic and 
mechanistic modeling of fluidized bed reactions to predict the production rates and 
product selectivity when HDPE was cracked by HZSM-5, MOR. USY, MCM-41, and 
silica-alumina catalysts.'°*^^ Satsuma et al. reported the gas, liquid, and residue yields 
obtained under semi-batch conditions for various HDPE/catalyst (10:1 wt/wt) samples. 
Manos and coworkers performed similar experiments with lower HDPE/catalyst ratios 
(1:1 or 2:1 wt/wt) and with different fresh and regenerated catalysts.^*^* They found that 
natural zeolites, saponite and montorillonite gave higher liquid yields (70%) compared to 
USY catalyst (50%). Aguado et al. compared cracking results for a polyolefin mixture 
(25% HDPE, 46.5 LDPE, and 28.5% PP wt.) obtained with varying polymer/catalyst 
(HZSM-5 and MCM-41) ratios and found that lower polyolefin/catalyst ratios resulted in 
increased conversion.*’*^* The polyolefin/HZSM-5 combination yielded C3-C6 products 
whereas the polyolefin/MCM-41 combination yielded larger products (C5-C12 and C13- 
C22). Catalytic cracking of HDPE by silica MCM-41 has also been demonstrated.*’ 
Cracking activity was reported to increase with increased catalyst crystallinity and 
carbénium ion-mediated mechanisms were proposed.
II
U  Acid Catalyzed Chain Reaction Cracking Mechanisms
The chain reaction mechanisms for acid catalytic cracking proposed by 
Wojciechowski can be used to explain all of the phenomena observed in catalytic 
cracking.^" These mechanisms are based on the following three postulates. First, all 
catalytic cracking reactions proceed via surface-resident ions. Second, ions undergo only 
two types of reactions, bimolecular (disproportionation) or unimoiecular 
(decomposition), which produce all major gas phase products. The final postulate states 
that all major processes occur at Bronsted acid sites (H^S*) present on the catalyst.
Volatile products derived from small molecule cracking with solid acid catalysts 
can be rationalized by carbénium ion mechanisms. Zeolite cracking catalysts possess 
different pore structures and acid strengths that can influence the formation of volatile 
cracking products. Under steady-state (low conversion) conditions, hydrocarbon chain 
reaction cracking processes that yield volatile products can be represented by initiation, 
disproportionation, p-scission, and termination reactions.^ By the chain reaction 
mechanism for hydrocarbon cracking, volatile paraffin products are formed by 
bimolecular disproportionation reactions on acid catalysts (Reaction [I]). Hydride 
abstraction and hydrogen transfer are disproportionation reactions where a hydride ion is 
exchanged between a feed molecule and a surface carbénium ion (x = 0 ).
C n H z n + 2  +  C m H * 2 m + |S  ► C m +xH 2(nt+xy«-2 U n -x H ^ 2 (n -x H -|S  [ 1 ]
Wojciechowski states that disproportionation reactions are favored by carbénium ions 
formed at strong acid sites unless catalyst pore size restricts the bimolecular reaction (i.e. 
carbénium ions act as strong Lewis acids for disproportionation).^ The rates of 
disproportionation reactions are thus dependent on catalyst acidity and pore size.
12
Volatile olefins can be formed by two different mechanisms on acid catalysts, P- 
scission [2] and desorption (i.e. termination) [3].
CnH^2n+|S‘ -> CxHzx + C„.xH^ 2(n-x)+|S' [2]
CnfTzn+.S ->CnH2n + H"S [3]
Like disproportionation, the rates of P-scission and desorption reactions are dependent on 
catalyst acidity and pore size. P-scission and desorption reactions are favored processes 
for the more stable carbénium ions on catalyst surfaces. Conjugate acid/base theory 
suggests that weak conjugate base sites result when strong acid sites are deprotonated. 
Weak conjugate base sites inhibit carbénium ions from undergoing p-scission and 
desorption and facilitate disproportionation reactions. However, the effect of a strong 
acid site can be overcome by a small pore structure. When catalyst pore size will not 
allow bimolecular disproportionation reactions, unimoiecular reactions such as P-scission 
and desorption are the favored mechanisms for product formation from carbénium ions.
Reactions between product olefins and acid sites [4] or reactive carbénium ions 
[5] may occur when cracking at high conversion. Carbénium ions formed in reactions [4] 
and [5] may produce volatile products through Reactions [1-3]. Reaction [5] is a chain 
transfer reaction that can lead to a more diversified volatile product slate.
CnH2n + H"S' CnH"2m+,S [4]
CnH2n + CmH* 2m+lS —► Cn+niH* 2(iH-m)+|S [5]
The chain reaction mechanism describes how paraffin and olefin cracking 
products are formed, but does not explain non-volatile residue or volatile aromatic 
product formation. However, like other cracking reactions, aromatic product and residue 
formation reactions involve surface carbénium ions.^ Conjugated unsaturated residue
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that forms on catalyst surfaces during catalytic cracking is believed to lead to the 
formation of volatile aromatic species. Carbeniiun ion thermal cracking can result in 
oleHn ions that may undergo dehydrogenation and cyclization reactions to form aromatic 
species. Volatile aromatic products are formed at higher temperatures than volatile 
paraffin and/or olefin products because conjugated unsaturation is a precursor for 
aromatization. When unsaturated ions are protonated, di-carbenium ions are produced. 
Doubly charged ions can also be formed by disproportionation reactions between 
adjacent surface carbénium ions. Multiply charged carbénium ions are strongly bound to 
surface conjugate base sites and are less likely to participate in cracking reactions than 
singly charged carbénium ions. Non-volatile surface residue is believed to Include these 
multiply charged species.
U .  1 Bifunctional Catalyst Cracking Mechanisms
Four active sites must be considered for the isomerization and hydrocracking of 
alkanes on bifunctional catalysts comprised of platinum and a shape-selective zeolite: I ) 
platinum clusters on the external surface 2) platinum inside zeolite pores 3) acid sites on 
external surfaces 4) acidic sites inside pores. The classical hi functional 
hydrocracking/hydroconversion mechanism attributes hydrogenation to the platinum and 
isomerization and cracking to the acid sites.^' However, when reactions of small 
hydrocarbons take place on bifimctional catalysts in the absence of hydrogen, the 
functionality of the metal can be altered. Dehydrogenation, cracking, and hydrogenolysis 
reactions can occur on the metal s u r f a c e . ^ T w o  types of dehydrogenation reactions 
exist: dehydroisomerization and dehydrocyclization (Reaction [6 ]).
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Dehydroisomerization reactions of small paraffin feed molecules result in the formation 
of olefins and molecular hydrogen.
Pt[CnH2in-2]ads -> Pt + CnH(2n+2)-2x + XH2 [6 ]
Dehydrocyclization reactions form cyclic and aromatic species. Dehydrogenation 
reactions may occur at temperatures as low as -2 0  to 80
When a paraffin molecule undergoes cracking on a metal surface, a shorter olefin 
is released and an ionic fragment remains on the metal surface.
Pt(CnH2n+2]ads  ^ Pf[Cn-niH(2(n-in)+2-2x)]ads CmH2m XH2 [7]
An increase in volatile olefin yield in hydrogen deficient atmospheres may not be 
observed for bifunctional catalysts because electron-rich olefins are reactive towards 
Bronsted acid sites. In this case, secondary reactions occur at nearby acid sites.^
In hydrogen rich environments, volatile paraffins are favored over olefins due to 
platinum catalyzed h y d r o g e n a t i o n P l a t i n u m  catalyzed hydrogenation has been 
suggested to occur via a mechanism known as hydrogen spillover.^^^ During 
bi functional hydrocracking reactions, molecular hydrogen activated on platinum sites 
(PtH2 ) migrates (i.e. hydrogen spillover) to another metal or acid site to participate in 
hydrogenation reactions. Reaction [8 ] represents hydrogen spillover from platinum to a 
carbénium ion occupied acid site.
PtH2‘ + CnH"2n+,S- Pt + CnH2n+2 + SH" [8 ]
The exact form of activated hydrogen species is unknown, but hydrogen spillover has 
been proposed to occur by both gas phase and surface transfer mechanisms.^^*^  ^
According to the classical bifunctional mechanism, if sufficient platinum sites are
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available for reaction, hydrogenation reactions should offset all olefin forming 
reactions.^'
Paraffins can also form on platinum by hydrogenolysis reactions. Hydrogenolysis 
is a paraffin cracking mechanism on the metal in which a pair of shortened paraffin 
products are fbrmed.^^^^ It has been proposed that multiple platinum sites are required 
for hydrogenolysis.^ Reaction [9] illustrates platinum catalyzed hydrogenolysis on two 
platinum sites.
Pt2[CnH2n+2lads + 2H2 2PtH^ + Cn^nH2(n-m^+2 + CmH2m+2 [9] 
Hydrogenolysis reactions are important when sufficient molecular hydrogen is present. 
Hydrogen may be obtained from hydrogen-rich hydrocarbon species through 
dehydrogenation or from the reaction atmosphere.** When there is insufficient hydrogen 
available in the reaction atmosphere, platinum catalyzed cracking is more likely than 
hydrogenolysis. Carbon-carbon bond rupture is the rate-limiting step (RLS) in the 
platinum catalyzed cracking mechanism.*’*^” However, hydrogenolysis and cracking 
reactions on platinum are less significant than dehydrogenation reactions.*'
The chain reaction cracking and bifimctional reaction mechanisms were proposed 
based on results obtained for small hydrocarbon reactions. Long chain polymer cracking 
and hydrogenation reactions may follow different mechanisms. Volatile products 
obtained by polymer cracking may vary with conversion because accessibility of polymer 
fragments to catalytic sites can change with conversion.
Polymer cracking mechanisms may begin at the external acid sites of zeolite 
catalysts. Manos et al. reported a decrease in gel-permeation chromatography (GPC) 
molecular weight of polyethylene mixed with USY catalyst after heating to 150 By
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scanning electron microscope (SEM) studies of the polymer/catalyst interface, S. 
Maegaard^^ found that melted high density polyethylene (HDPE) was drawn into the 
spaces between particles of zeolite catalysts (external surfaces) and into the larger pores 
of amorphous materials at 300 °C. It was suggested that surface reactions formed lower 
molecular weight species that could difllise into the catalyst structure for further 
reaction/*’’* Behrsing et al. have reported that acid catalyzed reactions of olefins were 
not confined to the internal sites of zeolite particles, but that external catalyst surfaces 
were also active.”  Furthermore, catalyst particle size was reported to affect volatile 
product distributions when polymers were cracked.’*’”  Therefore, accessible external 
acid sites are likely responsible for polymer cracking until the molecular weight (or size) 
o f polymer fragments becomes small enough to diffuse into catalyst pores, which may 
directly influence volatile product formation mechanism(s).
1.4 Project Description
Although there have been many studies of PE cracking and hydrocracking, most 
have been performed by heating reactor vessels containing catalyst and polymer and 
subsequently collecting and analyzing the products with no attempt to minimize 
secondary reactions. This batch processing approach provides no information regarding 
the order of product formation. In our research, volatile cracking and/or hydrocracking 
products were removed from catalysts with helium or hydrogen purge gas and then 
analyzed on-line by using repetitive injection thermal analysis gas chromatography mass 
spectrometry (TA-GC/MS). Results obtained by TA-GC/MS were used to determine the 
temperature dependence of volatile product slates obtained by cracking/hydrocracking of 
PE by HZSM-5, HY, HMCM-41, and their platinum loaded analogs. Volatile product
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slates derived from monofunctional (acid) and bifunctional (metal-acid) catalyzed PE 
cracking/hydrocracking can differ significantly with temperature and catalyst 
characteristics (i.e. pore size and acidity). The catalytic chain reaction cracking 
mechanisms proposed by Wojociechowski and the commonly accepted metal catalyzed 
cracking reactions will be used to explain change in product slate and effective activation 
energy.
Activation energies for hydrocarbon cracking reactions can be influenced by 
many variables. For example, changes in catalyst properties (e.g. pore size and acidity) 
may independently affect cracking reaction kinetics.^ The model-free isoconversion 
method for calculating activation energies provides a means for detecting reaction 
mechanism changes during the course of polymer cracking. When TA-GC/MS results 
are combined with thermal analysis mass spectrometry (TA-MS) measurements, 
activation energy (E.) values can be calculated for specific classes of volatile products 
detected during PE cracking/hydrocracking. Trends in E, value versus temperature plots 
can be used to assess contributions from specific reaction mechanism(s) to the formation 
of volatile products. A better understanding of PE cracking/hydrocracking mechanisms 
may lead to development of improved plastic waste tertiary recycling processes.
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CHAPTER 2 - EXPERIMENTAL 
2.1 Introductioii
Low molecular weight poly(ethylene) (LPE) was cracked by using three solid acid 
catalysts and their bifimctional platinum loaded analogs: HZSM-S, HY, HMCM-41,
PtHZSM-5, PtHY, and PtHMCM-41. Thermogravimetry (TG) was employed to measure 
sample mass changes as a function of temperature and the weight percent of residue 
deposited on each catalyst. Thermal analysis coupled with mass spectrometry (TA-MS) was 
used to characterize the acidic properties of the catalysts by temperature programmed 
desorption (TPD) of ammonia. TA-MS was also used to calculate class-specific effective 
isoconversion activation energies for polymer decomposition, which will be discussed 
separately in Chapter 3. Thermal analysis coupled with gas chromatography - mass 
spectrometry (TA-GC/MS) was used to separate and identify volatile cracking products. 
Data analysis methods developed in our laboratory were used to obtain species-specific 
evolution profiles for volatile cracking products. The instrumental and data analysis methods 
that were used to characterize catalytic polymer cracking in inert and reducing atmospheres 
(e.g. helium and hydrogen, respectively) are described in this chapter.
2J Matcriab
Low molecular weight poly(ethylene) (LPE) with a reported average molecular 
weight of 700 g/mol and melting temperature range of 80-90 °C was purchased fmm 
Polysciences Inc. (Warrington, PA). The hydrogen form of ZSM-5 (Zeolite Socony Mobil -  
Five or HZSM-5) was obtained from Mobil Oil (Paulsboro, NJ). The framework of HZSM-5 
was reported to contain 1.5% by weight alumina.' The 3-dimensional MPI (ZSM-Five) type
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crystal structure (5.3 x 5.6 A and 5.1 x 5.5 A intersecting channels) was confirmed by Mobil
Oil. An example of the pore fiumework of HZSM-5 is shown at the top of Figiue 2-1
The sodium Y-54 form of the Faujausite (FAU) structure zeolite Y was kindly 
donated by Universal Oil Products (UOP), a division of Allied Signal or formerly Union 
Carbide (Danbury, CT). The SiOj/AhQj for this catalyst was reported to be 5.30. Sodium 
ions were removed from the catalyst by ion exchange with 1.0 M ammonium nitrate solution. 
About 1.0 g of catalyst was placed in 250 mL of NH4NO3 and the mixture was refluxed with 
constant stirring overnight The NH4Y was dried at 110 °C and then calcined at 550 °C for 3 
hours to produce HY. HY zeolite has a FAU pore framework with a 3-dimensional pore 
structure having a 7.4 A channel diameter and 12.3 A channel intersections (super-cages) as 
shown in the middle of Figure 2-1
MCM-41 is one of the most investigated mesoporous sieves in the M41S family. 
MCM-41 has an amorphous silica or alumino-silicate framework, which possesses a 
honeycomb-like structure with uniform, parallel pores (see bottom of Figure 2-1). MCM-41 
was first synthesized by a group of scientists at Mobil Oil Corporation in 1992.  ^ Mesoporous 
( 15-  150 A pore size range) MCM-41 was synthesized in our laboratory by using procedures 
described in the literatiae. Dodecyltrimethyl-ammonium bromide (DTMABr) and 
tétraméthyl ammonium hydroxide pentahydrate (TMAH) were used as template molecules.^ 
 ^ A solution containing 11.47 g LUDOX® (30% wt. SiOi) and 10.0 g of TMAH in 16.4 mL 
of distilled water was prepared and then allowed to age for 2 days. Then, 20.0 g of DTMABr 
and 0.296 g of AI2O3 were added to the aged solution with thorough mixing. A second 
solution was prepared by dissolving 1.29 g of NaOH in 5.46 mL of distilled water and then
2.5 g ofSiOz was added.
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Fig 2-1 ; Acid catalyst framework structures 
Top -  HZSM-5*, Middle -  HY*, Bottom -  HMCM-41 
['Reprinted with permission from Ch. Baerlocher, Atlas of Zeolite Framework Types, 2001]
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The two solutions were combined and the resulting mixture was autoclaved at 140 °C for 4 
days. The resulting solid was filtered, rinsed with distilled water, and dried at 110 °C. The 
dried powder was calcined at 600 °C for 4 hours to remove the organic templates from the 
silica-alumina framework. The resulting NaMCM-41 was ion-exchanged as described 
previously to remove sodium ions and then dried and calcined for six hours at 540 °C to 
obtain HMCM-41. Electron microprobe analysis revealed that the AI2O3 content of this 
catalyst was about 17% by weight.
Each catalyst had been stored under ambient conditions over an extended period. 
Therefore, each catalyst was calcined at 400 °C to remove volatile impurities. Once calcined, 
each catalyst was ion exchanged following the process described previously with 1.0 M 
ammonium nitrate. This ion exchange process was done to ensure that each catalyst attained 
maximum protonation prior to use. All catalysts were then dried and calcined at 500 °C for 4 
hours before platinum was added or mixed with the polymer. Bifrinctional catalysts were 
prepared by adding approximately 1% by weight platinum to the solid acid catalysts by an 
incipient wetness method described by Jacobs et al.* Hydrogen hexachloroplatinate(lV) 
hydrate (HzPtCle xHzO) of 99.9% purity and 38-40% w t platinum was obtained from 
Aldrich Chemical Company (Milwaukee, Wl). The platinum solution was made by adding 
0.0418 g HaPtCU to 1.0 mL of distilled water. About 100 mg of catalyst was mixed with 
0.63 mL of the platinum solution and the slurry was then stirred on a Buchner Instruments 
W -mini (Kansas City, Mo) roto-evaporation apparatus at ambient conditions for several 
hours. The slurry was then dried at 110 °C for 2 hours followed by calcination at 400 “C for 
two hours. Each bifunctional catalyst sample was heated in flowing hydrogen (25 mL/min) 
for 2 hours at 500 *C to reduce the platinum.
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23 Sample Preparatioii
Catalyst and polymer powders were combined to prepare samples. Small particles 
were used to maximize contact between the polymer and catalysts. Three different sieves 
were used to select particle sizes: 150, 180, and 250 pm. The HY particle sizes used for 
preparing samples were less than 180 pm, whereas HZSM-5 and HMCM-41 particles were 
less than 250 pm. Larger particle sizes were employed for the HZSM-5 and HMCM-41 
catalysts because they did not grind as well as HY. Polymer powders used for sample 
preparation consisted of particles that were less than 150 pm. Polymer/catalyst samples were 
prepared by mechanically mixing «10% by weight (1:9 wt. ratio) polymer with catalyst in a 
sample vial. Samples contained more catalyst than polymer to ensure that polymer 
decomposition occurred by catalytic processes.
2.4 Thermogravimetric Analysis (TGA)
TGA is an important analytical tool for preliminary material characterization.^ TGA 
is a technique in which changes in sample mass are measured as a function of temperature. 
The thermogravimetric analyzer used for studies described here was a DuPont model 951 
equipped with Thermal Analyst 2(KX)* software (Wilmington, DE). Solid samples of 
approximately 1 0 -1 0 0  mg were placed in a platinum sample pan that hung from a balance 
arm, as shown in Figure 2-2.'° The balance arm slid into a quartz tube that was positioned 
inside a 500 W furnace that could be heated from ambient to over 1000 °C.
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Figure 2-2; Diagram of the thermogravimetric balance 
[Reprinted with permission from E. Bonnet, Ph.D. Dissertation, University of Oklahoma, 2000]
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An Omega Engineering, Inc. CHAL-010 thennocouple (Stamford, CT) was placed close to 
the platinum pan to measure the sample temperature. The electromagnetic balance 
mechanism was encased inside an aluminum housing. Tare weights and a photosensitive 
null detector incased in a sealed glass housing were used to zero the instrument. The glass 
casing and quartz tube were purged with gas to provide the desired environment for thermal 
decomposition. For the studies described here, helium, hydrogen, and air supplied by Airgas 
(Radnor, PA) were used as purge gases. The 25 mL/min purge gas flow rate was set by using 
a NUPRO needle valve. Helium provided an inert atmosphere, hydrogen was used as a 
reducing or hydrocracking atmosphere, and air was used to oxidize polymer residues left on 
the catalyst surfaces after first heating in helium or hydrogen. The balance baseline variance 
was measured to be ±0.015 mg with an empty sample pan («150 mg) in flowing helium (25 
mL/min) at temperatures ranging from 50-100 °C over a I hr time period.
Figure 2-3 is a TGA weight loss curve obtained by heating 6.664 mg of neat LPE at 
10 °C/min with a purge gas flow of 25 mL/min helium. No significant weight loss was 
observed until the temperature exceeded 200 °C. The polymer was completely volatilized by 
475 °C. In the example shown in Figure 2-3, LPE was completely volatilized and there was 
no hydrocarbon residue measured. However, when polymers are cracked in the presence of a 
catalyst, residues may remain on catalyst surfaces.
Carbon bum-off (CBO) measurements were employed to determine the mass of 
hydrocarbon residue remaining on the catalysts after polymer cracking. The polymer/catalyst 
samples were heated at 10 "C/min to 400 °C in a non-oxidative purge gas (25 mL/min) and 
allowed to cool to below 100 °C. The purge gas flow was then switched to air and the 
sample was heated again at 10 °C/min to 700 "C to bum off the residue.
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Figure 2-3: TGA of neat LPE heated in helium
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The amount of oxidizable residue was measured by using the step transition function of the 
Thermal Analyst 2000* software and was reported as a percentage of the initial polymer 
weight. The first point on the CBO curve was chosen between 300-350 °C and the second 
point was chosen between 600-650 °C. The software plotted two lines tangent to the CBO 
curve at the temperatures chosen (dashed lines in Figure 2-4b) and then calculated the change 
in percent weight between the tangent lines at the point of maximum rate loss. Calculations 
of the relative percent residue for each sample varied by less than 1% when using the step 
transition function for two different points along the CBO curves. An example of the a) TGA 
and b) CBO curves obtained for the LPE/PtHY sample are shown in Figure 2-4. Figure 2-4a 
shows that the primary weight loss from polymer degradation occurred between 175 and 300 
°C when the sample was heated in helium. Approximately 18% weight loss was observed 
due to desorption of water and therefore the initial weight loss of the polymer was observed 
to begin at %82% percent weight (Figure 2-4a). The amount of carbon residue was then 
calculated from the percent weight loss between 300 and 600 °C after heating the sample in 
air (Figure 2-4b). The initial weight loss of approximately 2.5% due to desorption of water 
was not shown (Figure 2-4b).
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Figure 2-4: TGA and CBO curves of LPE/PtHY a) weight loss curve obtained by 
heating the sample to 400*C in helium b) CBO weight loss curve
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2.S Thermal Analysis coupled with Mass Spectrometry (TA-MS)
Although TGA methods can be used to determine the temperature range over which 
weight loss occurs and volatile products evolve, no information regarding the composition of 
volatile product mixtures can be obtained by this method. However, by combining thermal 
analysis (TA) with evolved gas (EG) analysis, volatile product structure information can be 
obtained. TGA weight loss information is often augmented with information from EG 
analyzers attached to the thermal analysis purge gas exit Mass spectrometry and infrared 
spectroscopy are commonly employed EG analyzers."’'* Many examples of using TA­
MS for polymer related studies have been published.'^^’ Our TA-MS studies were 
performed by connecting a 400 W Carbolite model MTF tube furnace (Watertown. WI) and 
a Hewlett Packard (Palo Alto, CA) 5985 quadrupole MS through a heated interface. The MS 
was controlled by an IBM compatible computer equipped with Technivent Vector/One® 
(revised version 3.01) software. A diagram of our TA-MS system is shown in Figure 2-5.'” 
There are multiple paths to follow through the interface, which allow the instrument to be 
utilized in different modes. Paths that are relevant only to the TA-MS mode are described 
here.
The TA purge gas flow was controlled by an Edwards High Vacuum (Grand Island, 
NY) type 825 mass flow controller and adjusted by using a Model 1605 controller unit with 
digital display. Inlet gas flow was introduced into the tube furnace through 1/8 in. copper 
tubing connected to a 1/8-1/4 in. Swagelok (Solon, OH) reducer and union tee. Another 1/8- 
1/4 in. Swagelok reducer was attached to the union tee through which an 18 in. long, 1/8 in. 
o.d. Omega K-type (KMQSS-125E-18) thermocouple was passed.
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Figure 2-6: Flow Diagram of TA-GC/MS System 
[Reprinted with permission from E. Bonnet, Ph.D. Dissertation, University of Oklahoma. 2000]
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The remaining union tee fitting was connected to an 8 in. long, 3/4 in. o.d. Vycor® tube by a 
174-3/4 in. Swagelok reducer and a 3/4 in. quick connect Cajon (Macedonia, OH) union. 
Rubber o-rings were used without grease in the Cajon quick connect fitting to seal the 
system. The outlet end of the Vycor® tube was a 1.5 in. long, 1/4 in. o.d. quartz tube that was 
connected to a union tee located inside the heated interface. Path ' B" in Figure 2-6 shows 
the TA-MS path inside of the heated interface.'" The interface was contained within an 
insulated 12 in. x 10 in. x 6  in. aluminum oven. Connecting tubing within the heated 
interface was either 1/16 in. stainless steel or 0.332 mm o.d. uncoated silica and all 
connections were made with appropriate size graphite ferrules. A Scientific Glass 
Engineering Inc. (Austin, TX) model MCV-1-50 splitter valve (labeled back split in Figure 2- 
6 ) was used to adjust the flow of TA purge gas into the MS. The interface was heated by a 
pair o f 500 W (3 in. x 10 in.) strip heaters purchased from Thermal Corporation (Madison, 
AL). The interface temperature was maintained at 2(X) °C (unless stated otherwise) by an 
Omega CN76000 programmable temperature controller.
Solid samples were placed inside the Vycor® tube on a platinum sample pan hanging 
from the end of the thermocouple (Figure 2-5). The sample temperature was measured with 
this exposed junction thermocouple by a Eurotherm (Sussex, England) 902 temperature 
controller. The thermocouple was calibrated to 0 “C with ice/water and to 100 ®C with 
boiling water. The temperature of the furnace was controlled manually or through software 
provided by Eurotherm (IPSC version 2.04) to ramp the sample temperature up to as high as 
1000 °C. The sample temperature was found to vary with the position of the thermocouple 
inside the flimace. Figure 2-7 illustrates the sample position within the tube furnace. A plot 
of the temperature versus sample position is shown in Figure 2-8.
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Figure 2-7: Diagram of sample location inside tube furnace
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Temperature measurements shown in Figure 2-8 were acquired with the furnace temperature 
controller set to 500 “C and a helium flow rate of 25 mL/min. The sample position of 10 cm 
was chosen because the sample temperature matched the set point temperature at the selected 
conditions. In retrospect, the 10 cm sample position was probably not the best position in the 
furnace. Placement of the sample between 6  cm and 9 cm would have resulted in a more 
reproducible sample temperature because there was less temperature variation between these 
positions. In order to minimize temperature variations, samples were placed at the same 
position (1 0  cm) for all experiments.
2,5.1 TA coupled with Gas Chromatography/Mass Spectrometry (TA-GC/MS)
In order to facilitate species-specific analysis when unique spectroscopic features are 
unavailable, gas chromatographic separations^^ and tandem mass spectrometry^^ can be 
employed as EG analyzers. Detection of volatile products in previous catalytic polymer 
degradation studies have been accomplished by cryogenically trapping volatiles, which are 
subsequently analyzed.^' Species-specific evolution profiles of volatile reaction products 
cannot be obtained by this method. The TA-GC/MS apparatus described here is unique and 
was specifically developed to aid in in-situ characterization o f volatile cracking products.^^ "*^  
McClennen et al. described TA-GC/MS and TA-GC/IR analysis systems that incorporated 
automated vapor sampling and short chromatographic columns, which provided both 
satisfactory gas chromatographic separations and species-specific TA evolution profiles.^ 
Isothermal chromatographic separations could be repeated at one minute intervals during TA 
analysis by using their systems. These hyphenated systems represented a significant advance 
in EG analysis. However, they were limited to isothermal GC conditions. Jakab et al.^  ^and 
Liu et al.^ briefly described a repetitive injection reactor-GC/MS system that they used for
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studies of the decomposition of wood, cellulose, waste plastics, and coal. Their system, 
unlike that described by McClennen et al. employed automated sample injections and GC 
heating ramps. Our TA-GC/MS analysis system overcomes the limitation of slow heating 
rates from these instruments and facilitates rapid, repetitive temperature programmed gas 
chromatographic analyses. Multiple species-specific evolution profiles can be readily 
generated by using our TA-GC/MS apparatus.
The TA-GC/MS analysis system consists of the same furnace, interface, and mass 
spectrometer described earlier (Section 2.5) plus the addition of a small volume gas 
chromatograph. A diagram of the TA-GC/MS system is shown in Figure 2-5. Figure 2-6 
displays the flow diagram of the system. Two gas flows enter the interface oven, TA purge 
and GC carrier gas. For the TA-GC/MS mode of operation, the TA purge enters the heated 
interface from the Vycor® tube described earlier and follows path “A” (Figure 2-6), which is 
connected to a Valeo Instruments (Houston, TX) 4C8WT eight port injection valve (port I ). 
Connections to the injection valve employed stainless steel ferrules, except for the GC inlet 
(port 3), which employed a vespel®/graphite ferrule. Following path “A” of Figure 2-6, 
effluent flows from port I to port 2, where a 100 sample loop connects port 2 to port 6 . 
Port 6  is connected to port 5, where a 1/16 in. stainless steel tube serves as the outlet
Helium GC carrier gas passes through a Scientific Glass Engineering, Inc. ÜNI-K10 
on-column capillary GC injector, which was mounted to the top of the interface oven (Figure 
2-5). The injection valve was connected to the GC injector (Figure 2-6). Helium flow 
entered port 7 of the injection valve, passed through a 100 nL stainless steel sample loop via 
ports 8  and 4, and then passed into the capillary GC column connected to port 3. The 
capillary GC column exit was connected to the mass spectrometer ion source by a Scientific
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Glass Engineering, Inc. MCVT-1-50 effluent splitter (front split in Fig. 2-6). A 1/16 in. 
stainless steel tube served as the GC carrier gas outlet
Figure 2-9 shows the two positions of the eight port injection valve. A 100 pL 
aliquot of TA effluent was injected into the GC each time the valve was rotated. By rotating 
the injection valve, the 100 pL of TA effluent (A) contained in sample loop 1 (Figure 2-9 
top) is injected into the GC (Figure 2-9 bottom). The next valve rotation injects TA effluent 
(A) contained in sample loop 2 (Figure 2-9 bottom) into the GC (Figure 2-9 top). The eight 
port injection valve was replaced by a Valeo Instruments 4C6WT six port injection valve 
midway through sample analyses because of a leak that had developed. The six-port valve 
had two positions, load (top) and inject (bottom) (Figure 2-10). In the load position, TA 
effluent entered the injection valve, passed through a 100  pL sample loop, and then exited 
through a 1/16 in. stainless steel outlet. When the valve was rotated to the injection position, 
the sample effluent trapped in the sample loop was introduced into the GC column. After the 
injection of the sample effluent into the GC column (injection position), the valve was 
returned to the load position to fill the sample loop with TA effluent before the next injection. 
The valve was returned to the load position during the 45 s period during which the GC oven 
was cooled. The rotation back to the load position typically resulted in a small air peak at the 
end of each repetitive injection chromatogram.
A 10 meter long AT-1 capillary column with 0.25 pm stationary phase thickness and 
0.25 mm i.d. purchased from Alltech Assoc. Inc. (Deerfield, IL) was used for separations. 
The stationary phase was 100% dimethylpolysiloxane. Helium was used as the carrier gas at 
a flow rate of 2 mL/min. The capillary column was contained within an 8  in. x 6  in. x 6  in. 
oven that was placed undemeath the heated interface (Figure 2-5).
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Figure 2-9: Eight port injection valve positions
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The GC oven also contained two 11-12 ohm coils of Chromel A heating wire obtained from 
Hoskins Mfg. Co. (Hamburg, MI), which were connected in parallel and used as resistive 
heaters. Heater current was controlled by an Omega CN3202TC1-8 temperature controller 
connected to an Omega solid state relay (SSR2400C25). A Dayton 4M078A fan obtained 
from Grainger (Oklahoma City, OK) was used to circulate the heated air and temperatures 
were measured with an Omega CHAL-010 thermocouple connected to the temperature 
controller and placed in the center of the GC oven. Heating rates of approximately 200 
°C/min could be attained inside the GC oven.
To allow for rapid cooling after temperature programmed separations, a solenoid 
valve (not shown in Figure 2-5) purchased from Grainger was used to permit the introduction 
of liquid nitrogen into the GC oven. The solenoid valve was mounted to the chromatograph 
oven front panel and was controlled by the Omega CN3202TC1-8 temperature controller. 
The solenoid valve was attached to a 25 L liquid nitrogen Dewar by insulated 1/4 in. o.d. 
copper tubing. The Dewar was pressurized by a regulated in-house dry air line. When the 
Dewar pressure was %7 Ib/in ,^ the GC oven could be cooled from 200 “C to -50 °C in less 
than 30 s.
Identical heating and MS conditions were used for all LPE/catalyst samples in this 
study. LPE/catalyst samples weighing 15 mg (± 5 mg) were heated in the tube furnace at 2 
°C/min from 100 to 400 °C. For sample analyses in an inert atmosphere, the tube furnace 
was purged in helium (25 mL/min) for 30 min prior to heating. For analyses in a hydrogen 
atmosphere, a helium purge was followed by a 30 min purge of hydrogen (25 mL/min) prior 
to sample heating. Total ion current (TIC) chromatograms were obtained by injecting TA 
effluent into the GC at 5 min intervals or every 10 °C increase in sample temperature in the
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tube furnace beginning at 120 “C for LPE/HZSM-5 samples and 180 °C for LPE/HY and 
LPE/HMCM-41 samples. The GC oven temperature was held at -50 “C for 0.3 min followed 
by a ramp to 80 “C at 50 “C/min and a second ramp to 200 °C at 109 °C/min. After the final 
temperature was reached, the GC oven was made ready for another injection within 45 s by 
cooling with liquid Nz to -50 °C. The mass spectrometer was set to integrate for 1 ms over 
the mass range between 15 and 160 (3.425 scans/s). The MS ion source temperature was 
maintained at 200 °C and an ionization potential of 70 eV was used for all GC/MS 
measurements. Calibration of the MS was done daily by using direct probe insertion of 
perfluorotributylamine (PFTBA) to achieve a source pressure of ô^lO^ Torr. then the GC 
valve (front split) was opened to achieve a source pressure of 1 x 10^ Torr. Chromatographic 
eluents were identified by library search with 38,000 spectra with the Technivent software.
Figure 2-11 shows the repetitive injection chromatogram for LPE/PtHZSM-5 heated 
in helium as an illustration of the TA-GC/MS apparatus performance. The y-axis in Figure 
2-11 represents the total ion current (TIC) detected by the MS and the x-axis represents the 
sample temperature. Each tic mark on the x-axis indicates the sample temperature at which 
an injection was made (every 10 °C). Note that volatile product distributions changed with 
sample temperature resulting in chromatogram shape variations. Chromatograms obtained 
when the sample temperature reached 150, 240, and 300 °C are shown at the top of Figures 
2-12,2-13, and 2-14, respectively. Few volatile products, most with retention times (R|) less 
than 2.25 min were detected for the 150 “C injection (Figure 2-12a). When the sample 
temperature reached 240 °C (Figure 2-13a), an increase in the total number of volatile 
products was detected, including an increase in the amount of volatile products with Rt less 
than U  min.
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Figure 2-11 ; Repetitive injection chromatograms from LPE/PtHZSM-5 heated in helium
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Figure 2-12: a) Repetitive injection chromatogram of volatile TA effluent at 150°C 
from LPE/PtHZSM-5 heated in helium b) Mass spectrum for n-hexane 
c) Repetitive injection chromatograms for n-hexane d) Species-specific 
evolution profile for n-hexane
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Figure 2-13: a) Repetitive injection chromatogram of volatile TA efTluent at 240“C 
from LPE/PtHZSM-S heated in helium b) Mass spectrum for iso-butene 
c) Repetitive injection chromatograms for iso-butene d) Species-specific 
evolution profile for iso-butene
51
U  3 C M K »P
I CNM»
Retention Time (min)
f
I 4 (} II
2
I »  II u
m / £
I
j  ••
I r  0 2 2 0t  2  0
I
4 It It II
'  2  III T o 2 T i tI 2 It
Figure 2-14: a) Repetitive injection chromatogram of volatile TA effluent at 300 °C
from LPE/PtHZSM-5 heated in helium b) Mass spectrum for a Cz-phenyl 
isomer (xylene or ethyl benzene) c) Repetitive injection chromatograms 
for Cz-Phenyl d) Species-specific evolution profile for Cz-Phenyl
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At 300 “C (Figure 2-14a), few volatiles were detected and the majority of them evolved with 
R( greater than 2.5 min. The method used to generate the species-specific temperature 
profiles for selected volatile products from TA-GC/MS chromatograms will be described 
next.
Because of the large amount of data generated by TA-GC/MS, methods tor 
simplifying data analysis were developed. Software was created to permit extraction of 
chromatographic peaks representing the same substance horn each chromatogram recorded 
during a TA-GC/MS analysis. A computer program was used to compare a selected mass 
spectrum with all other mass spectra collected during the TA-GC/MS analysis to identify 
those that represent the same substance. This was done by representing mass spectra as 
vectors in n-dimensional space (where n = mass range scanned) and computing dot products 
between a selected spectrum vector and the rest of the TA-GC/MS spectrum vectors. The 
program calculated the cosines of the angles between the selected mass spectrum vector and 
those derived from all of the mass spectra collected for the TA-GC/MS chromatograms. 
When the cosine value was equal to or greater than an operator selected threshold value (e.g.
0.95), a satisfactory match was assumed between the mass spectra. The total ion current 
(TIC) value and retention time for the mass spectrum was saved to create a species-specific 
chromatogram. If the cosine value was less than the threshold value, the chromatogram point 
was not extracted. In this manner, those points (or peaks) which represented volatile 
products that yielded the selected mass spectrum were extracted from the TA-GC/MS 
chromatograms to produce species-specific chromatograms. The program also calculated 
species-specific chromatogram peak areas. These integrated peak areas were used to
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generate species-specific evolution profiles and to calculate relative percent yields for volatile 
products.
Examples of how this program was used to create temperature dependent species- 
specific evolution profiles from an LPE/PtHZSM-5 sample heated in helium are shown in 
Figures 2-12 to 2-14. The TIC chromatogram (solid line) and the GC oven temperature ramp 
(dotted line, right y-axis scale) are shown in Figure 2-12a. Although the GC oven 
temperature did not decrease linearly from 200 to -50 °C as shown in Figure 2-12a. the oven 
temperature was returned to -50 °C within the 0.75 minutes shown. Figure 2-1 la shows that 
within the first 2  minutes of the chromatogram, about 15 volatile products were separated. 
Figures 2-12b to 2-l2d illustrate how species-specific chromatograms and evolution profiles 
were created. An arrow at 1.7 min in Figure 2-12a marks the chromatographic peak for the 
product to be profiled. This product was identified by the mass spectrum in Figure 2-12b as 
n-hexane. Using the program described, species-specific chromatograms for n-hexane were 
obtained as shown in 2-12c. The y-axis of Figure 2-12d represents the integrated n-hexane 
peak area (from Figure 2-12c). Figure 2-12d represents the n-hexane temperature dependent 
evolution profile.
Iso-butene is the product selected at 0.6 min in Figure 2-13a. The corresponding 
mass spectrum is shown in Figure 2-13b. The species-specific chromatogram for iso-butene 
is shown in Figure 2-13c and the evolution profile for iso-butene is shown in Figure 2-l3d. 
Figure 2-14 depicts the species-specific profile for a Crphenyl (alkyl aromatic) isomer. The 
species-specific profiles depicted in Figures 2-12, 2-13, and 2-14 show the temperature 
dependence of individual volatile products formed when heating LPE/PtHZSM-5 in helium.
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Evolution profiles for individual (or a group of related) product(s) obtained by TA- 
GC/MS can be useful for elucidation of the degradation mechanism(s). Figures 2-12 to 2-14 
show evolution profiles for the formation of n-hexane, iso-butene, and Cz-phenyl (alkyl 
aromatics) volatile products detected when heating LPE/PtHZSM-5 in helium. Initial n- 
hexane production was favored at low temperatures, followed by a second maximum at 
which iso-butene and n-hexane were produced together. Therefore, at low temperatures, 
catalytic mechanism(s) that form n-hexane are favored on the PtHZSM-5 surface. As the 
sample temperature increases, mechanism(s) that form iso-butene become important. Alkyl 
aromatic products (Cz-Phenyl) were formed at higher sample temperatures. The delay in 
production of alkyl aromatics can be explained by the need for conjugated unsaturated 
species. The unsaturated residue that collects on the catalyst surface at high temperatures 
may cyclize and desorb as volatile aromatic species. A reproducibility of approximately 2% 
in total integrated TIC area was calculated for profiles created from separate analyses of the 
same sample.
2.6 Ammonia Temperature Programmed Desorption (NHj-TFD)
Temperature programmed desorption (TPD) of small, basic probe molecules are 
typically used to characterize solid acid catalysts. Small amines such as isopropyl-amine^ '^"^, 
ammonia'*’"*^ , and pyridine*^** are commonly employed basic probe molecules. TA-MS was 
used to characterize the acidity of each catalyst by NH3-TPD.
Approximately 30 mg (±5 mg) samples were loaded into the TA-MS platinum 
sample pan for N H 3 -T P D  experiments. Samples were then purged for at least 30 min in a 
flow of helium. After purging, samples were heated to 500 °C and held at this temperature 
for 2 hrs to remove adsorbed water fiom the catalysts. Samples were then cooled to 100 "C
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With the helium flow turned off, a pulse of NH3 (10-12 psi) was passed through the sample 
tube. After approximately 5 min, the helium flow was turned back on and the sample was 
purged for 3 hrs to remove excess and physisorbed NH3. After purging, sample temperatures 
were increased from 100-600 “C at 10 °C/min. The back split valve in Figure 2-6 was 
adjusted to achieve a mass spectrometer ion source pressure of 1x10  ^Torr during analysis. 
The TA-MS apparatus provided mass spectral information for water (m/z 18) and ammonia 
(m/z 17). The MS was set to integrate for 100 ms and signal average 100 times for a 20.002 
s/scan rate. The m/z 17 NH3* ion signal was corrected for the contribution from OhT from 
water by:
Corrected m/z 17 signal = Total m/z 17 signal-(1/3 x m/z 18 signal) [1]
The m/z 17 (OfT) ion signal intensity is 1/3 of the intensity of m/z 18 (HiO ) in the water 
vapor mass spectrum. Correction for the contribution of water in equation [ I ] must be done 
to calculate the total ion intensity of m/z 17 resulting from NH3  ^ alone. Figure 2-15 shows 
results from NH3-TPD analysis of an HZSM-5 catalyst. The number of acid sites found on 
the catalyst surface is proportional to the corrected m/z 17 ion signal area. The combination 
of temperature and distribution of corrected m/z 17 ion signal area represents the acid 
strength profile of catalyst sites.
N H 3 -T P D  experimental reproducibility is depicted in Figures 2-16 to 2-18 for 
HZSM-5. HY, and HMCM-41 catalysts. In these figures, the corrected m/z 17 ion signals 
were normalized and plotted against catalyst temperature.
 ^ , (correctedm/z17signal-minimumcorrectedm/z17signal)
Normalizedm/z17signal=  -----:--------------- . . .---- :— —------------— 7  r:r--— il 1-1(maximumcorrectedm/z 17 signal- minimumcorrectedm/z 17 signal)
The solid and dashed lines in Figures 2-16 to 2-18 represent duplicated N H 3 -T P D  curves for
all catalyst samples.
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Figure 2-15: Correction for water in the HZSM-5 NH3-TPD curve
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Figure 2-16: Normalized NH3-TPD curves for a) HZSM-5 b) PtHZSM-5
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Figure 2-17: Normalized NH3-TPD curves for a) HY b) PtHY
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Figure 2-18: Normalized NH3-TPD curves for a) HMCM-41 b) PtHMCM-41
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For all catalyst samples, TPD curves obtained for replicate samples were very similar. The 
largest temperature deviation (*30 °C) was observed for the HMCM-41 catalyst (Figure 2- 
18a) at high temperatures. Typically, the largest deviations were observed at high 
temperatures (>400 “C) when ammonia ion signals were low.
The NH3-TPD curves for HZSM-5 and PtHZSM-5 (Figure 2-16) consisted of two 
characteristic peaks, which is consistent with previous literature.^'^^ Maxima were observed 
for both catalysts at approximately 220 “C and 440 °C (Figure 2-16). Figures 2-17 and 2-18 
show the replicate NH3-TPD curves for both (a) neat and (b) platinum containing HY and 
HMCM-41 catalysts, respectively. The TPD curve shapes obtained for the HY and HMCM- 
41 catalysts represent a broad tailing acid strength distribution, which reached a maximum at 
approximately 210 °C. Similar results are found in the literature for NH3-TPD acid site 
characterizations of HY and HMCM-41 catalysts.**^*
The addition of platinum did not significantly affect the overall acidity of the 
catalysts (Figures 2-16b to 2-18b). The relative temperature range and shape of each TPD 
distribution for each catalyst was very similar with and without platinum. Analogous TPD 
characterization studies on various zeolite acid catalysts have shown that the addition of 
metals (i.e. platinum) does not affect the overall acidity of the catalysts.^'^ For relative 
comparisons it can be shown that the HY catalyst absorbed tfte most ammonia and HMCM- 
41 adsorbed the least (Figure 2-19). The HY catalysts showed the narrowest temperature 
distribution with no NH3 desorbed over 500 “C and both the HZSM-5 and HMCM-41 
catalysts did not show complete NH3 desorption by 550 "C. The overall acid strength of the 
catalysts used in decreasing order can be given as: PtHZSM-5 = HZSM-5 > PtHY s  HY > 
PtHMCM-41 = HMCM-41.
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Figure 2-19: NH3-TPD curves for all metal-free catalysts used
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CHAPTER 3 - ISOCONVERSION EFFECTIVE ACTIVATION ENERGY
3.1 Introduction
Kinetic studies are often useful for understanding the steps by which a chemical 
reaction takes place. Activation energy is a kinetic term defined as the minimum energy 
required to form a reaction transition state. The activation energies of hydrocarbon 
cracking reactions can be influenced by many variables such as; reaction atmosphere, 
reactant and product concentrations (or pressures), and selection of catalyst. 
Manipulations o f the reaction mechanism by altering the reaction conditions can lead to 
formation of select reaction products.
The importance of the petroleum industry in today's society has led to research in 
catalytic cracking, hydrocracking, and conversion of small hydrocarbon molecules under 
various conditions. Many studies have shown that the choice of catalyst, size of 
hydrocarbon feed, hydrogen pressure, and temperature affect the kinetics of cracking 
reac tio n s .T y p ica lly , kinetic measurements for small hydrocarbon cracking reactions 
are made at very low conversions (steady state) or with low concentrations of reactant 
feed. In order to relate volatile products to cracking mechanisms, each step of the 
mechanism must be known. The effects of various conditions on each reaction step can 
then be determined. Simple kinetic reaction models have been developed to facilitate 
calculation of rate constants and activation energies.
Polymer catalytic cracking is a high conversion reaction in which polymer residue 
constantly changes and secondary reactions result in a wide range of volatile products. 
Our studies attempt to determine activation energy values for volatile LPE cracking 
products and to correlate changes in these kinetic values with the chain reaction cracking
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and bifunctional catalyst cracking mechanisms for small molecules. Calculated 
activation energies represent multiple reaction processes and are termed "effective" 
activation energies (E,). Our research is focused on understanding polymer catalytic 
cracking mechanisms and the effects of zeolite acidity and pore size and reaction 
conditions (i.e. helium and hydrogen) on cracking reactions.
3.2 Theory/Background
Various theoretical methods have been proposed for calculating kinetic constants 
from thermogravimetric analysis (TGA) results.^^* Each method assumes that a single 
reaction occurs that generates a product slate that is independent of sample temperature. 
The methods of Freeman and Carroll^^, Friedman '^*, and Doyle’* all assume that the 
degradation reaction model can be explained by the following equation;
where W is the fractional residual weight of the sample, T is the absolute temperature, R 
is the gas constant, t is time, and A, AE, and n. are the frequency factor, activation 
energy, and the order of the reaction, respectively. Freeman and Carroll’  ^ have shown 
that activation energy can be calculated from a single decomposition curve, but similar 
values can be calculated from results obtained at different heating rates. However, 
simultaneous adjustments of E, A, and W" can often be made to fit any W" to the data, 
leading to wide variations in kinetic parameters.^^
The Ozawa method avoids these problems by using multiple measurements at 
different linear heating rates to calculate the activation energy of a decomposition 
reaction without the use of a reaction model (model-free isoconversion method).’^
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Ozawa found this method to be particularly useful for calculating activation energies 
when two or more parallel processes occur.^* E, calculations for multi-step reaction 
mechanisms using simulated data have shown that model-free isoconversion methods are 
more consistent than single thermal analysis curve fitting.^^* '^ Khanna et al. employed 
the methods developed by Freeman-Carroll and Ozawa for studies of the thermal 
degradation of aromatic polyamides and found that the model-free Ozawa method was 
more consistent for calculating E* values of reactions with varying reaction order (n).^  ^
Therefore, we will investigate the kinetics of LPE cracking mechanisms by using the 
model-free isoconversion method.
Many studies using TGA for kinetic analysis of polyethylene degradation have 
been documentented.^^"*’ The kinetic parameters of the catalytic cracking of PE with 
acid catalysts have been calculated for the simple decomposition model shown in 
equation [1].^ '^ ’^ Similar TGA studies have been used to explore the kinetics of PE 
catalytic cracking by using the model-free method proposed by Ozawa.^”"*’ Reported PE 
cracking activation energies for various catalysts range between 13-43 kcal/mol.^^’'^ *’^ '^ 
44.47-»» values are similar to those reported for small molecule catalyzed reactions:
P-scission (18-36 kcal/mol)'\ hydrogen transfer (i.e. disproportionation) (ca. 10 
kcal/mol)*“, acid catalyzed hydrocracking (9.5-16.7 kcal/mol), and bifunctional catalyzed 
hydrocracking (21.7-43.5 kcal/mol). "  All of the PE cracking reports were based on 
degradation studies that involved calculating a single E, value for the entire cracking 
process. Volatile product slates derived from the catalytic cracking of LPE can differ 
significantly with temperature (Chapter 4). Therefore, rather than reporting a single E, 
value, Ea values that represent the formation of individual products would be more useful.
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By using TGA, it is impossible to obtain mechanistic information regarding 
specific products. However, TA-MS results can be used to calculate kinetic parameters 
for specific volatile products formed during polymer decomposition.^”'"' Vyazovkin 
developed methods for interpreting changes in isoconversion kinetic parameters derived 
from Ozawa’s e q u a t io n s .^ T h is  approach was used here to calculate kinetic 
parameters for the formation of specific volatile product classes during LPE catalytic 
cracking.
Effective activation energies (EJ were calculated from TA-MS results by using a 
modification of the isoconversion method developed by O z a w a . T h e  isoconversion 
method is based on the assumption that the state of a system at an arbitrary conversion 
(C) is independent of heating rate. The method assumes that a single process is 
responsible for the physical change, but does not require a specific reaction model 
(m odel-free).^B ased  on the Arrhenius equation, the kinetics of solid sample reactions 
can be described by:*’*'**
(f(C) / dr = t(T )/(C ) = /I exp(-&  / R T)f (C )  [2]
where / (C )  is the reaction model in terms of the conversion, k(T) is the rate constant, T 
is the absolute temperature, t is time, R is the gas constant ( 1.987 cal/mol K). A is the 
frequency (pre-exponential) factor, and E, is the activation energy. Vyazovkin*’* states 
that if a measured physical value is proportional to the extent of conversion (e.g. mass 
loss, pressure and/or volume of a released gas), numerical differentiation can be used to 
estimate Arrhenius parameters by equation [2]. However, numerical differentiation 
considerably lowers the signal-to-noise ratio o f experimental data. Integration of
72
equation [2] provides another basis for evaluating Arrhenius parameters from 
experimentally derived data.
( I
g(C) e  j[ l / /(C)W (C) = X ^exp[-&/ /(T(r)W/ [3]
0 0
In equation [3], g(C) is the integral form of the reaction model and T(t) is a function that 
represents the variation of temperature during a given measurement. The variation in 
temperature during the experiment must be known in order to integrate equation [3]. If a 
constant heating rate is applied, then T(t) = To + Ht, where To is the initial temperature 
and H is the heating rate (dT/dt). Substitution into equation [3] leads to equation [4], 
which has no analytical solution. '^*
/
g i O  = A /H  Jexp[-£u/ R T W  = {A / H)l{Ea,T) [4]
0
From the assumption in the isoconversion method that the integrated reaction model g(C) 
depends on conversion but not heating rate, g(C) is constant at a given conversion. The 
integral o f [4] (I(Ea,T)) can be replaced by Doyle’s approximation^' when E/RT > 20 
(Equation [5]). Linear equations of In (H) with respect to l/T at a given conversion can 
then be obtained by equation [6 ], or more simply by equation [7].
I(E.,T)^{Eal  £)exp(-5.33! - 1 .052& / RT) [5|
\n{H) = -1 .0525, / RT + ln[(/l£« / g(C)£) -  5.331] [6 ]
\niH) = -\ .052Ea/RT + B [7]
The isoconversion method derivation assumes that the E, value calculated at a 
given conversion represents a single reaction process. Guidelines for the interpretation of
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isoconversion E, vs. conversion plots have been described by Vyazovkin et al.^‘ and have 
been applied in our laboratory by Bonnet et al."*®^ ' When a single process is responsible 
for a temperature dependent physical change, calculated E, values are constant with 
respect to conversion.** However, when contributions from multiple processes change 
with conversion. Ea values change. An increase in Ea value with respect to conversion 
results from increased contribution from a parallel reaction with higher E». E„ values 
decrease with respect to conversion when there is a change in the rate limiting step (RLS) 
or a decreased contribution from a higher E, process.
LPE cracking consists of complex parallel processes. Therefore, calculated 
effective activation energies do not represent a single reaction, but rather multiple 
processes can contribute to the formation of a specific product. Thus, effective activation 
energies will be used only to characterize changes in reaction mechanisms. It will not be 
possible to relate effective activation energy changes to specific reaction mechanism 
parameters.
3,3 Experimental
TA-MS provides structural information regarding volatiles generated during 
thermal analysis and is therefore very useful for studies where multiple volatiles are 
produced. Previous work in our laboratory has demonstrated the use of the isoconversion 
method with TA-MS data for calculating E, values for specific volatile products formed 
during calcium oxalate and poly(vinylbutyral) decompositions."*”^ ' However, lack of 
species-specific ions precludes calculation of E, values for the formation o f individual 
cracking products. Vyazovkin*' has shown that the E, values calculated for the m/z 41- 
43 ions detected by using TA-MS during the thermal degradation of polypropylene
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followed similar trends with respect to polymer conversion. No information was given 
on the mechanism of formation of each ion, but it was stated that shape similarities 
between the E, vs. polymer conversion plots meant that these three ions were formed by 
similar mechanisms.^'
Isoconversion experiments were performed by using the TA-MS combination 
previously described in Chapter 2. The MS interface temperature was set to 250 °C. 
Approximately 5 mg (±1 mg) of LPE/catalyst sample was analyzed in flowing (50 
mL/min) helium or hydrogen. The MS was set to scan at 7.686 sec intervals by 
integrating for 5 ms and signal averaging 25 times over a mass range of 35-95. The MS 
ion source pressure was maintained between 1-1.2x10'^ Torr by adjusting the back split 
valve (Figure 2-6). The sample was purged for at least 30 min and then the MS ion 
source was allowed to stabilize by collecting background spectra for 1 0 -2 0  min prior to 
analysis. The sample temperature ramp was initiated after a level baseline was achieved 
in the MS. Separate samples were subjected to linear heating ramps of 5, 10. 15. and 25 
°C/min under the same reaction conditions. When the sample temperature reached 80- 
110 °C, MS scanning was stopped for I -2 min prior to analysis o f the sample, which was 
initiated at sample temperatures between 100-120 ®C. This procedure was utilized to 
insure the initial linearity of the temperature ramp and for stabilization (thermal 
equilibrium) o f the MS ionization chamber. MS data collection was initiated after the 
sample temperature reached 100 °C for the LPE/HZSM-5 samples and 120 °C for the 
LPE/HY and LPE/HMCM-41 samples. Sample temperatures were measured and ion 
signals were collected by using the IPS and Technivent software described in Chapter 2.
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A computer program was written to integrate selected ion signal profiles and to 
calculate effective E, values. E, values were calculated by equation [7] for selected ions 
at 0.01 increments from 0.01 to 0.99 fractional integrated ion signal (i.e. conversion). 
The standard deviations of the slopes of ln(H) vs. l/T plots (equation [7|) were used as 
error estimates. Ea value errors were found to be less than 5% between 0.05 and 0.95 
fractional integrated ion signal for all samples except the LPE/PtHZSM-5 (He) and 
LPE/HMCM-41 (He) samples. Vyazovkin reported that errors of 5% or less are 
commonly accepted in E, value measurements by using the model-free isoconversion 
method.^^ Large errors were observed at low fractional integrated ion signal for the 
LPE/PtHZSM-5 (He) (m/z 57) and LPE/HMCM-41 (He) (m/z 55) samples. The large 
errors for these two samples may be due to a combination of effects. One effect could be 
due to variation in the product slate when the sample was heated. The product slate 
changed at low temperature (low fractional integrated ion signal) for the LPE/PtHZSM-5 
(He) sample (Chapter 4). A second effect could be due to methods by which temperature 
and fractional integrated ion signals were calculated by the program. Low ion signal 
signal-to-noise may result in large errors in temperatures associated with small fractional 
integrated ion signals.
Figures 3-1 to 3-3 depict the process by which E« values were calculated for the 
m/z 57 ion signal detected from the LPE/HY (He) sample. Figure 3-1 shows the effect of 
heating rate (H) on the integrated ion signal profiles for m/z 57. Results for eight 
samples, two for each heating rate of 5, 10, 15, 25 °C/min are shown. Experimental 
reproducibility is reflected by the nearly overlapping plots in Figure 3-1.
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From this data, linear plots of In (H) vs. l/T (Equation [7]) for specified fractional 
integrated ion signal values were made. E, values were calculated from the slopes of 
these lines at 0.01 fractional integrated ion signal Intervals. Figure 3-2 shows linear plots 
of all eight points (one for each curve in Figure 3-1) at 0.10, 0.25, 0.50, 0.75, and 0.90 
fractional integrated ion signal. Plots of a) E, versus fractional integrated ion signal and 
b) Ea versus temperature are shown in Figure 3-3. E, versus temperature plots are 
important for comparing profiles representing substances with different evolution 
temperatures. Because evolution profiles (and fractional integrated ion signal) depend 
on sample heating rate, a specified heating rate is required for the generation of E, versus 
temperature plots. The x-axes in Figure 3-3 show the range of fractional integrated ion 
signal (0.05-0.95) and the corresponding sample temperature at the calculated fractional 
integrated ion signal when heating the sample at 5 °C/min.
Many different volatile products are evolved during LPE catalytic cracking. 
Because volatile products consisted mainly of homologues, no species-specific ions were 
found by TA-MS. Mass spectrometer ions at m/z 55 (C4H?'l and 57 (C4H4 ) were found 
to be representative of volatile olefins and paraffins, respectively. Volatile alkyl 
aromatics were represented by the m/z 91 tropylium ion (C 7H 7 ) However, the degree to 
which these ions were representative of these volatile products varied. Figures 3-4 to 3-6 
depict how the selectivity of m/z 55 for volatile olefin formation was calculated from TA- 
GC/MS repetitive injection chromatograms for the LPE/HZSM-5 (He) sample. Figures
3-4a and 3-4b show the repetitive injection TIC chromatogram and the m/z 55 ion signal 
chromatogram obtained when the LPE/HZSM-5 (He) sample temperature reached 150 
°C.
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Each peak in the chromatograms was identified by using the methods described in 
Chapter 2. A listing of the peaks and their identities are given in Table 3-1. Peak 
numbers 1 ,3 .5 , and 8 were identified as C3-C5 olefins. However, only olefins > € 4  can 
be represented by m/z 55. The percentage of the integrated m/z 55 peak area obtained for 
olefin products (peaks 3, 5, and 8 ) identified in Figure 3-4b was divided by the total m/z 
55 integrated area (peaks 3-12) to calculate the m/z 55 selectivity for olefin formation as 
illustrated by equation [8 ].
m/z 55  Olefin Seleclivity = »  p«Jc area (OleHns only) ^
Total integrated m/z 55 peak area
The selectivity for m/z 55 for the formation of olefins at 150 “C was calculated to be
58%. Low selectivity for olefin formation resulted because a large fraction of the total
m/z 55 ion signal (peaks 6, 7, and 9-12 in Figure 3-4b) was contributed by paraffin
products. Therefore, E, values calculated for m/z 55 ion signals may not accurately
represent olefin formation at this temperature. As the sample temperature increased, the
amount of volatile olefins also increased. Figure 3-5 shows the TIC and m/z 55
chromatograms obtained from the sample injection at 230 “C for the LPE/HZSM-5 (He)
sample. Many of the peaks in Figure 3-5b were due to olefins (Table 3-1, 230 °C). A
higher m/z 55 selectivity (80%) for olefins at 230 "C was calculated by using equation
[8]. The higher selectivity suggests that the 230 °C E, value may be more accurate than
the 150 “C Ea value. All of the peaks (1-7) in Figure 3-6b for the 290 °C sample injection
were identified as olefin products from the LPE/HZSM-5 (He) sample (Table 3-1).
Volatile products detected with R, ^ .0  min (Figure 3-6a) were identified as alkyl
aromatics (not listed in Table 3-1).
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Figure 3-4: Sample Injection «t ISO °C
Peak# Ri (min) Identity Peak# Ri (min) Identity
I 0.40 Cj-alkene 7 1.45 Cs-alkane
2 0.70 C4-alkane 8 1.60 Cs-alkene/ane
3 0.80 C4-alkene 9 1.85 Cb-alkane
4 0.85 C4-alkane 10 2.05 Ce-alkane
5 0.95 C4-alkene II 2.35 C?-aIkane
6 1.30 Cs-alkane 12 2.50 C?-aIkane
Figure 3-5; Sample injection at 230 °C
Peak # Ri (min) Identity Peak# Ri (min) Identity
1 0.40 Cs-alkene 13 1.90 Cft-alkane
2 0.65 C4-aIkane 14 1.95 C6-aIkene
3 0.75 C4-alkene 15 2.05 Ct-alkene
4 0.80 C4-alkane 16 2 .1 0 Ch-alkene
5 0.85 C4-aIkene 17 2.30 C?-aIkane
6 0.95 C4-aIkene 18 2.45 C?-aIkane
7 1.20 Cs-alkane 19 2.65 C7-diene
8* 1.35 Cs-alkane 2 0 2.75 Cx-alkane
9 1.40 Cs-alkene 21 2.90 Cg-alkane
to 1.50 Cs-alkene 2 2 3.20 N/A
11 1.75 Cô-alkane 23 3.25 N/A
12 1.80 Cô-alkene 24 3.45 N/A
Figure 3-6: Sample Injection at 290 **C
Peak# Ri (min) Identity Peak# Ri (min) Identity
1 0.40 Cs-alkene 5 1.45 Cs-alkene
2 0.80 C4-alkene 6 1.55 Cs-alkene
3 0.95 C4-aIkene 7 1.65 Cs-alkene
4 1.05 C4-alkene
*Peak at %4.75 min. in each chromatogram was identified as an air leak
Table 3-1: Indentities of the numbered peaks from Figures 3-4 to 3-6
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The m/z 55 selectivity for volatile olefins at 290 °C was calculated to be >99% because 
no other products contributed to the m/z 55 ion signal. Thus, Ea values should provide an 
accurate representation of olefin formation mechanisms at this temperature. The TA- 
GC/MS chromatograms for the LPE/HZSM-5 (He) sample are shown in Figure 3-7a. 
The volatile product evolution profile for C4 olefins is shown in Figure 3-7b. The TA­
MS m/z 55 ion signal profile is shown in Figure 3-7c. The low selectivity for m/z 55 for 
olefin formation below 200 °C can be correlated to the difference in shapes of Figures 3- 
7b and 3-7c. In general, when E, value selectivities were low (e.g. 75%), activation 
energy accuracies were considered questionable and the data was not incorporated into 
temperature profiles shown in Chapter 4 and 5.
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CHAPTER 4 -
RESULTS OF LPE CRACKING AND ISOCONVERSION E. EXPERIMENTS
4.1 Introduction
Catalytic cracking and hydrocracking of polyfethylene) (PE) by various zeolite
catalysts has been shown in many studies. Acid catalysts are used to reduce the product 
size distribution, which is dependent on the catalyst properties. Most PE catalytic 
cracking studies have been performed by heating reactor vessels containing catalyst and 
polymer and subsequently collecting and analyzing the products. I his semi-batch 
processing approach provides no information regarding the order in which products form. 
In addition, if sealed reaction vessels are employed, initial reaction products may react 
with catalyst to form secondary products. Instead, volatile products can be removed from 
catalysts with an inert purge gas and then analyzed on-line. The three acid catalysts used 
in this study possess different acid strengths and pore structures. Therefore, information 
regarding the eMeets of pore structure and acid strength on cracking processes can be 
obtained by comparing volatile product evolution profiles and trends in isoconversion Eg 
values as a function of temperature.
4.2 Experimental Results
This chapter contains experimental results from TA-GC/MS and TA-MS analyses 
of LPE/catalyst samples heated in helium and hydrogen. Volatile product evolution 
profiles and isoconversion E, values are given for each catalyst and reaction condition 
(i.e. purge gas). For clarity, sample names will be followed by the purge gas in 
parentheses [e.g. LPE/HZSM-5 (He)]. The effects o f catalyst acidity and pore size, the 
presence of platinum, and reaction environment (He vs. Hz) on evolution profiles and E, 
values will be discussed in Chapter 5.
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4.2.1 LPE/HZSM-5 (He)
4.2.1a TA-GC/MS Results
Figure 4-la shows the repetitive injection chromatograms obtained while heating 
the LPE/HZSM-5 (He) sample. The tic marks on the x-axis in Figure 4-la denote sample 
temperatures at which evolved gases were injected into the gas chromatograph. Purge 
gas effluent was analyzed at 5 min intervals, which corresponded to 10 °C sample 
temperature increments at the 2 °C/min heating rate. The y-axis represents the total ion 
current (TIC) detected in the mass spectrometer over the selected mass range (15-160 
amu). Volatile products were detected from 130-350 “C. Three volatile product 
evolution maxima were observed in the chromatograms at 150, 240, and 300 °C. Figure 
4-lb  shows the negative derivative (-Amg/A°C) of the TGA weight loss curve for the 
LPE/HZSM-5 (He) sample. The sample temperature (x-axis) of the TGA curve (Figure
4-lb) was shifted slightly to correlate with the TA-GC/MS results (Figure 4-1 a) because 
the TGA measurements were obtained at a different heating rate (10 °C/min). Three 
distinct regions of polymer weight loss rate were observed by using TGA. There is a 
shoulder in the TGA curve between 140-190 “C that corresponds to the first product 
evolution maximum (Figure 4-lb). Maximum weight loss is observed between 190-260 
°C and another shoulder at 260-350 °C correlates with the third maximum in Figure 4-1 a.
Figure 4-2 shows the repetitive injection chromatograms obtained at a) 150, b) 
240, and c) 300 °C corresponding to the three volatile product evolution maxima. 
Relative amounts of volatile products can be compared based on the total ion current 
(TIC) represented by the left y-axis. The dotted line (right y-axis scale) shows the GC 
heating ramp used to separate the volatile products for each sample injection.
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Figure 4-1: a) Repetitive injection chromatogram for LPE/HZSM-5 heated in 
helium b) Negative derivative of the weight loss obtained for 
LPE/HZSM-5 heated in helium by using TGA
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The small air peak at R, % 4.75 min in each Figure 4-2 chromatogram was caused by 
leakage of the six port injection valve when it was rotated back to the load position 
(Chapter 2). At 150 °C (Figure 4-2a), only 14 volatile hydrocarbons were detected, most 
of which were low molecular weight substances with retention times (R,) less than 2.5 
min. When the sample temperature reached 240 °C (Figure 4-2b), an increase in the total 
number of volatile products (27) was detected as well as the amount of volatile products 
formed with R, of less than 1.5 min. Fewer volatile products (12) were detected at 300 
°C (Figure 4-2c). Most volatiles that evolved at 300 °C had R, values greater than 2.5 
min.
The chromatographic resolution exhibited in Figure 4-2 was typical of all of the 
chromatograms obtained during analysis and was sufTicient to permit calculation of 
species-specific evolution profiles. Figure 4-3 shows the species-specific evolution 
profiles calculated for a) paraffin, b) olefin, and c) alkyl aromatic volatile products. 
Separated volatile products were identified by using the mass spectral library search 
function of the MS software. Integrated total ion current (TIC) values were calculated by 
adding the TIC chromatographic peak areas for all species identified with the same 
number of carbons at each sample temperature (i.e. for the same chromatographic 
injection). The numbers in parentheses in Figure 4-3 denote the number of isomers 
detected. “Greater (3)” in Figure 4-3a denotes that three paraffin isomers with nine or 
more carbons (>C9) were combined to generate the profile. The volatile product slate 
illustrated in Figure 4-3 shows that C3-C10 hydrocarbons were formed and that C3-C6 
hydrocarbons were the dominant volatile species. Below 200 “C, volatile product 
mixtures were composed mostly o f C 4-C 7 paraffins (Figure 4-3a).
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Figure 4-3: Volatile product evolution profiles for LPE/HZSM-5 heated in 
helium a) paraffins b) olefins c) alkyl aromatics 
[Values in parentheses represent the number of isomers detected]
98
As the sample temperature increased, C3-C5 olefins became the most abundant volatile 
products (Figure 4-3b). The temperature corresponding to the maximum paraffin and 
olefin evolution rates was 240 ®C (Figures 4-3a and b). Paratïin products were not 
detected above 270 °C. Ben and Toi in Figure 4-3c represent benzene and toluene 
(methyl benzene) and Ci-Ph and Cj-Ph represent alkyl aromatic species with the 
indicated number of side chain carbons. Alkyl aromatic volatile products were detected 
initially at 250 °C and their evolution maximized at 310 °C (Figure 4-3c). Three Cz-Ph 
substituted phenyl isomers (xylenes and/or ethyl benzene) were the most abundant alkyl 
aromatic species detected (Figure 4-3c). The largest integrated TIC peak area calculated 
for volatile aromatic products was about 1/3 o f the C^-olefln area at their respective 
maximum temperatures. Substituted aromatic isomers with the same number of carbons 
could not be differentiated by the identification methods used in this study. These 
isomers had nearly identical mass spectra and GC standards were not used to identify 
them by R,. However, the exact identities of these alkyl aromatics were not important for 
the conclusions drawn in this research.
4.2.1b TA-MS Results
Isoconversion E, values for paraffin formation were calculated from the m/z 57 
ion signal as described in Chapter 3. The triangle points (right y-axis scale) in Figure 4-4 
represent the m/z 57 ion signal selectivity for volatile paraffin products with respect to 
the a) fraction of the total integrated m/z 57 ion signal and b) temperature. The 
temperature scale for the E, vs. temperature plots was derived from the 5 °C/min heating 
ramp used during TA-MS measurements. The selectivity calculated from 0.01-0.50 
fractional integrated ion signal was 85-99%.
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The m/z 57 ion signal selectivity for volatile parafons decreased drastically above 0.50 
fractional integrated ion signal (250 "C) because little or no volatile paraffins were 
detected. The m/z 57 ion signal detected above 0.50 fractional integrated ion signal (250 
°C) resulted primarily from volatile olefin products.
Figure 4-4 shows Ea (left y-axis scale) vs. a) fraction of the total integrated m/z 57 
ion signal and b) temperature plots generated for the formation of paraffins (solid lines w/ 
error bars). The paraffin E, plot has three distinct regions. The initial E» value for 
paraffin formation was about 24 kcal/mol at 0.05 fractional integrated ion signal ( 155 °C) 
and remained relatively constant until 0.15 fractional integrated ion signal (170 °C). 
fsoconversion Ea values increased to approximately 48 kcal/mol by 0.35 fractional 
integrated ion signal (215 "C), and then decreased to 42 kcal/mol from 0.35-0.50 
fractional integrated ion signal (240 ®C).
The triangle points (right y-axis scale) in Figure 4-5 represent the calculated m/z 
5 5  ion signal selectivity for volatile olefin products with respect to the a) fraction of the 
total integrated m/z 55 ion signal and b) temperature. The m/z 55 ion signal selectivity 
for olefins was 58-80% from 0.01-0.15 (factional integrated ion signal. 80-88% from 
0.16-0.50 fractional integrated ion signal, and 99% above 0.50 fractional integrated ion 
signal. The low initial m/z 55 ion signal selectivity for olefins from 0.01-0.15 fractional 
integrated ion signal was due to the dominance o f volatile paraffins that produced m/z 55 
ion signals in their mass spectra. As the percentage of olefins increased in the volatile 
product slate, the m/z 55 selectivity for olefins increased.
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The m/z 55 olefin selectivity increased dramatically above 0.50 fractional integrated ion 
signal (250 °C) because the only volatile products detected beyond this point 
(temperature) were olefins and aromatics.
Volatile olefin formation Ea plots contained two different regions (Figure 4-5, 
solid line w/ error bars). An increase in Ea value between 0.15-0.30 fractional integrated 
ion signal (190-220 °C) was followed by a gradual decrease in Ea. The E, value 
calculated at 0.15 fractional integrated ion signal (190 °C) was 30 kcal/mol. The olefin 
formation Ea value then increased to 41 kcal/mol at 0.30 fractional integrated ion signal 
(220 °C). Above 0.30 fractional integrated ion signal, the E, value decreased to 28 
kcal/mol by 0.95 fractional integrated ion signal (300 “C).
The m/z 91 ion signal selectivity was calculated to be greater than 99% for alkyl 
aromatic volatile products between 0.05-0.95 fractional integrated ion signal for the 
LPE/HZSM-5 (He) sample. Figure 4-6 shows the E, vs. a) fraction of the total integrated 
ion signal and b) temperature plots generated for the formation of alkyl aromatics. 
Evolution profiles show that volatile aromatic product formation occurred over the 250- 
350 ®C temperature range. The initial alkyl aromatic E» value was 30 kcal/mol at 0.05 
fractional integrated ion signal (270 °C) and remained relatively constant to 0.95 
fractional integrated ion signal (430 °C).
4.2.2 LPiVHZSM-S (Hz)
4.2.2a TA-GC/MS Results
Figure 4-7a shows the repetitive injection chromatograms obtained while heating 
the LPEmZSM-5 (Hz) sample.
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Volatile products were detected over the same temperature range as for the LPE/HZSM-5 
(He) sample (130-350 °C). Two volatile product evolution maxima were observed in the 
chromatograms at 150 and 240 “C. Figure 4-7b shows the negative derivative (- 
Amg/A^C) of the TGA weight loss curve for the LPE/HZSM-5 (Hi) sample. Two distinct 
regions of polymer weight loss rate were observed by using TGA. A shoulder in the 
TGA curve (Figure 4-7b) from 130-180 °C corresponds to the first product evolution 
maximum. Maximum weight loss is observed between 180-260 °C.
Figure 4-8 shows the repetitive injection chromatograms obtained at a) 150, b) 
240. and c) 300 “C. At 150 °C (Figure 4-8a), only 9-10 volatile hydrocarbons were 
detected, most of which were low molecular weight substances with retention times (R,) 
less than 2.3 min. When the sample temperature reached 240 °C (Figure 4-8b), an 
increase in the total number of volatile products (25) was detected as well as the amount 
o f volatile products formed with R, of less than 1.5 min. Fewer volatile products (6 ) were 
detected at 300 °C (Figure 4-8c).
Figure 4-9 shows the species-specific evolution profiles calculated for a) paraffin, 
b) olefin, and c) alkyl aromatic volatile products. The volatile product slate illustrated in 
Figure 4-9 shows that C3-C10 hydrocarbons were formed and that C3-C6 hydrocarbons 
were the dominant volatile species. Below 200 ®C, volatile product mixtures were 
composed mostly of C3-C7 paraffins (Figure 4-9a). Relatively fewer volatile paraffin 
products were detected below 200 “C from LPE/HZSM-5 (Hi) compared to the 
LPE/HZSM-5 (He) sample. As the sample temperature increased. C3-C5 olefins became 
the most abundant volatile products (Figure 4-9b).
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The temperature corresponding to the maximum paraffin and olefin evolution rates was 
240 °C (Figures 4-9a and b). Paraffin products were not detected above 270 °C. Alkyl 
aromatic volatile products were detected initially at 270 °C and their evolution 
maximized at 290-300 °C (Figure 4-9c). Two Cz substituted phenyl isomers (Cz-Ph) 
were the most abundant alkyl aromatic species detected (Figure 4-9c). The largest 
integrated TIC peak area calculated for the volatile aromatic products was about 1/15 of 
the C4-olefin area at their respective maximum temperatures. The LPE/HZSM-5 (Hz) 
sample formed a smaller fraction of alkyl aromatic species than the LPE/HZSM-5 (He) 
sample.
4.2.2b TA MS Results
The m/z 55 ion signal selectivity for the formation of olefins shown in Figure 4- 
10 varied with fractional integrated ion signal in a similar manner as for the LPE/HZSM- 
5 (He) sample. The m/z 55 ion signal selectivity for olefins was calculated to be 62-81% 
from 0.01-0.15 fractional integrated ion signal, 81-86% from 0.16-0.50 fractional 
integrated ion signal, and 99% above 0.50 fractional integrated ion signal for the 
LPE/HZSM-5 (Hz) sample. The low initial m/z 55 ion signal selectivity for olefins was 
due to the dominance of paraffins that produced m/z 55 ion signals in their mass spectra. 
As the percentage of olefins increased in the volatile product slate, the m/z 55 selectivity 
for olefins improved. The m/z 55 olefin selectivity increased dramatically above 0.50 
fractional integrated ion signal (250 °C) because olefins and alkyl aromatics were the 
dominant volatile products detected beyond this point (temperature).
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Volatile oleHn formation E, values in Figure 4-10 exhibit a continuous increase 
from 0.15-0.95 fractional integrated ion signal. The initial E, value was 29 kcal/mol. 
The olefin formation E, value then increased to 40 kcal/mol by 0.95 fractional integrated 
ion signal (310 °C). The E, plot representing olefin formation from LPE/HZSM-5 (H2) 
was quite different than that shown for the LPE/HZSM-5 (He) sample (Figure 4-5).
The decrease of m/z 57 ion signal selectivity for the formation of paraffins with 
increasing fractional integrated ion signal shown in Figure 4-11 was similar to that 
observed for LPE/HZSM-5 (He). The m/z 57 ion signal selectivity calculated for 
paraffins was 80-99% from 0.01-0.50 fractional integrated ion signal. The m/z 57 ion 
signal selectivity for volatile paraffins decreased drastically above 0.50 fractional 
integrated ion signal (240 °C) because little or no volatile paraffins were detected. The 
m/z 57 ion signal detected above 0.50 fractional integrated ion signal (250 °C) resulted 
primarily from volatile olefin products.
The paraffin E, plot has three distinct regions (Figure 4-11). The initial E, value 
for paraffin formation was about 22 kcal/mol at 0.05 fractional integrated ion signal (155 
°C) and remained relatively constant until about 0.15 fractional integrated ion signal (180 
°C). Isoconversion E, values increased to approximately 32 kcal/mol by 0.35 fractional 
integrated ion signal (210 °C), and then leveled off at 32 kcal/mol from 0.35-0.50 
fractional integrated ion signal (210-240 “C). The paraffin E, plot for the LPE/HZSM-5 
(Hi) sample follows the same trends as for the LPE/HZSM-5 (He) sample (Figure 4-4), 
but the presence o f hydrogen appeared to lower E, values. Evolution profiles show that 
volatile alkyl aromatic formation occurred over the 270-350 °C temperature range.
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However, large Ea value errors were obtained because small amounts of volatile aromatic 
species (i.e. low m/z 91 ion signals) were detected from the LPE/HZSM-5 (H2) sample. 
Consequently, the Ea vs. fractional integrated ion signal plot for alkyl aromatics is not 
included here.
4.2,3 LPE/PtHZSM-5 (He)
4.2 J a  TA-GC/MS Results
Figure 4 -12a shows the repetitive injection chromatograms obtained while heating 
the LPE/PtHZSM-5 (He) sample. Volatile products were detected over the same 
temperature range as for the LPE/HZSM-5 (He) and (Hz) samples (130-350 "C). Three 
volatile product evolution maxima were observed in the chromatograms at 150, 240, and 
300 ®C. Figure 4-12b shows the negative derivative (-Amg/A°C) of the TGA weight loss 
curve for the LPE/PtHZSM-5 (He) sample. Two distinct regions of polymer weight loss 
rate were observed by using TGA. A shoulder in the TGA curve (Figure 4-12b) from 
130-180 °C corresponds to the first product evolution maximum. Maximum weight loss 
is observed between 180-270 “C.
Figure 4-13 shows the repetitive injection chromatograms obtained at a) 150, b) 
240. and c) 300 °C. At 150 °C (Figure 4-13a), only 16 volatile hydrocarbons were 
detected, most of which were low molecular weight substances with R, less than 2.25 
minutes. When the sample temperature reached 240 “C (Figure 4-13b). an increase in the 
total number of volatile products (29) was detected as well as the number of volatile 
products with R, of less than 1.5 min. Fewer volatile products ( 18) were detected at 300 
°C (Figure 4-13c).
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Figure 4-14 shows the species-specific evolution profiles calculated for a) 
paraffin, b) olefin, and c) alkyl aromatic volatile products. The volatile product slate 
illustrated in Figure 4-14 shows that Cj-Cio hydrocarbons were formed and that C3-C6 
hydrocarbons were the dominant volatile species. Below 200 °C, volatile product 
mixtures were composed mostly o f C4-C7 paraffins (Figure 4 -14a). As the sample 
temperature increased, Cs-Cs olefins became the most abundant volatile products (Figure 
4-14b). The temperature corresponding to the maximum paraffin and olefin evolution 
rates was 240 °C (Figures 4-14a and b). Paraffin products were not detected above 280 
°C. Alkyl aromatic volatile products were detected initially at 240 °C and their evolution 
maximized at 280-290 °C (Figure 4-14c). Two C2 substituted phenyl isomers (Cz-Ph) 
were the most abundant volatile alkyl aromatic species (Figure 4-14c). The largest 
integrated TIC peak area calculated for the volatile aromatic products was about 2/3 of 
the C4-olefin area at their respective maximum temperatures. Significantly more alkyl 
aromatics were derived from LPE/PtHZSM-5 (He) compared to the LPE/HZSM-5 (He) 
sample (Figure 4-3).
4.2J b  TA MS Results
Figure 4-15 shows E, vs. a) fraction of the total integrated ion signal and b) 
temperature plots generated for the formation of olefins (solid lines w/ error bars) and 
paraffins (dotted lines w/ error bars). The m/z 55 ion signal selectivity for the formation 
of olefins (solid) shown in Figure 4-15 varied with fractional integrated ion signal in a 
similar manner as for the LPE/HZSM-5 (He) sample.
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The m/z 55 ion signal selectivity for olefins was calculated to be 56-80% from 0.01-0.15 
fractional integrated ion signal, 80-83% from 0.16-0.50 fractional integrated ion signal, 
and 99% above 0.50 fractional integrated ion signal for the LPE/PtHZSM-5 (He) sample. 
The low initial m/z 55 ion signal selectivity for olefins was due to the dominance of 
paraffins from 0.01-0.15 fractional integrated ion signal that produced m/z 55 ion signals 
in their mass spectra. As the percentage of olefins increased in the volatile product slate, 
the m/z 55 selectivity for olefins increased. The m/z 55 olefin selectivity increased 
dramatically above 0.50 fractional integrated ion signal (250 °C) because olefins and 
alkyl aromatics were the dominant volatile products detected beyond this point 
(temperature).
The m/z 57 ion signal selectivity for paraffins was 89-93% from 0.01-0.50 
fractional integrated ion signal. The m/z 57 ion signal selectivity for volatile paraffins 
decreased drastically above 0.50 fractional integrated ion signal (250 °C) because little or 
no volatile paraffins were detected. The m/z 57 ion signal detected above 0.50 fractional 
integrated ion signal (250 "C) resulted primarily from volatile olefin products.
The paraffin E, plot has three distinct regions (Figure 4-15. dotted line). The 
initial E, value for paraffin formation was about 24 kcal/mol at 0.05 fractional integrated 
ion signal (155 °C) and remained relatively constant until 0.15 fractional integrated ion 
signal (180 °C). Isoconversion E, values increased to approximately 36 kcal/mol by 0.40 
fractional integrated ion signal (230 *C), and then remained constant at 36 kcal/mol from 
0.40-0.50 fractional integrated ion signal (250 ®C). The initial paraffin E# value 
calculated for the LPE/PtHZSM-5 (He) sample was about the same as that calculated for 
the LPE/HZSM-5 (He) sample (24 kcal/mol). The maximum E, value for paraffin
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formation was lower for LPE/PtHZSM-5 (He) (36 kcal/mol) than for LPE/HZSM-5 (He) 
(48 kcal/mol).
Volatile olefin formation Eg plots contained two different regions (Figure 4-15, 
solid line w/ error bars). An increase in Eg value between 0.15-0.25 fractional integrated 
ion signal (200-230 °C) was followed by a gradual decrease in Eg. The Eg value 
calculated at 0.15 fractional integrated ion signal (200 °C) was 35 kcal/mol. The volatile 
olefin formation Eg value then increased to 38 kcal/mol at 0.25 fractional integrated ion 
signal (230 °C). Above 0.25 fractional integrated ion signal, the Eg value decreased to 30 
kcal/mol by 0.95 fractional integrated ion signal (300 ®C).
The m/z 91 ion signal selectivity was calculated to be greater than 99% for alkyl 
aromatic volatile products from 0.05-0.95 fractional integrated ion signal for the 
LPE/PtHZSM-5 (He) sample. Figure 4-16 shows the E, vs. a) fraction of the total 
integrated ion signal and b) temperature plots generated for the formation of alkyl 
aromatics. Evolution profiles have shown that volatile aromatic product evolution 
occurred over the 240-340 °C temperature range. The initial alkyl aromatic Eg value was 
34 kcal/mol at 0.05 fractional integrated ion signal (280 °C) and remained relatively 
constant until 0.95 fractional integrated ion signal (400 °C). Eg values for alkyl aromatic 
formation were about 4-6 kcal/mol higher for LPE/PtHZSM-5 (He) than for LPE/HZSM- 
5 (He) (Figure 4-6).
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4.2.4 LPE/PtHZSM-S (Hj)
4.2.4a TA-GC/MS Results
Figure 4-17a shows the repetitive injection chromatograms obtained while heating 
the LPE/PtHZSM-5 (Hz) sample. Volatile products were detected over the same 
temperature range as for the LPE/HZSM-5 (He), (Hz), and LPE/PtHZSM-5 (He) samples 
(130-350 “C). Volatile product evolution maxima were observed in the chromatograms 
at 160 and 210 °C. Figure 4-17b shows the negative derivative (-Amg/A“C) of the TGA 
weight loss curve for the LPE/PtHZSM-5 (Hz) sample. Two distinct regions of polymer 
weight loss rate were observed by TGA. The first peak in the TGA curve (Figure 4-17b) 
from 130-180 corresponds to the first product evolution maximum. Maximum weight 
loss is observed between 180-260 °C.
Figure 4-18 shows the repetitive injection chromatograms obtained at a) 150, b) 
240. and c) 300 °C. At 150 “C (Figure 4-18a), only 9 volatile hydrocarbons were 
detected, most o f which were low molecular weight substances with retention times (R,) 
less than 2.25 minutes. When the sample temperature reached 240 °C (Figure 4-18b), an 
increase in the total number of volatile products (24) was detected as well as the amount 
of volatile products formed with R, of less than 2.0 min. Fewer volatile products (14) 
were detected at 300 “C (Figure 4-18c).
Figure 4-19 shows the species-specific evolution profiles calculated for a) 
paraffin, b) olefin, and c) alkyl aromatic volatile products. The largest integrated TIC 
areas calculated for volatile olefin and aromatic products were about 1 /6  and 1 /12  of the 
maximum Cb-paraffin area at their respective maximum temperatures.
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Below 200 “C, volatile product mixtures were composed entirely of paraffins (Figure 4- 
19a). More paraffins were detected below 200 °C from the LPE/PtHZSM-5 (Hz) sample 
than any of the other three LPE/HZSM-5 samples. As the sample temperature increased, 
a wide range of volatile paraffins C3-C10 were formed with Cs-Cô paraffins being the 
most abundant volatile products detected (Figure 4-19a). Paraffin products dominated 
the volatile product slate, unlike the other HZSM-5 samples. The temperature 
corresponding to the maximum paraffin evolution rate was 220 °C (Figure 4-19a). 
Volatile olefins were not detected below 200 °C and the temperature corresponding to 
their maximum evolution was 230-240 °C (Figure 4-19b). Volatile olefin products 
consisted of Ce-Cq molecules (Figure 4-19b). Alkyl aromatic volatile products were 
detected initially at 240 °C and their evolution maximized at 280 °C (Figure 4-19c). Two 
C2 substituted phenyl isomers (Cz-Ph) were the most abundant volatile alkyl aromatic 
species detected (Figure 4-19c). The LPE/PtHZSM-5 (Hz) sample produced about the 
same relative amount of volatile alkyl aromatic species as the LPE/HZSM-5 (Hz) sample.
42.4b  TA MS Results
The m/z 57 ion signal selectivity for paraffins was 99% from 0.05-0.95 fractional 
integrated ion signal. This high selectivity resulted primarily from the dominance of 
volatile paraffin formation for the LPE/PtHZSM-5 (Hz) sample. The paraffin E, plot has 
two distinct regions (Figure 4-20). The initial E, value for paraffin formation was about 
24 kcal/mol at 0.05 fractional integrated ion signal (190 °C) and increased to 40 kcal/mol 
by 0.30 fractional integrated ion signal (240 X ).
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Isoconversion Ea values then decreased to approximately 34 kcal/mol by 0.95 fractional 
integrated ion signal (340 °C). The initial parafTin E, value for the LPE/PtHZSM-5 (Hz) 
sample was similar to that for the LPE/PtHZSM-5 (He) sample. However, E, values 
maximized at lower temperature compared to the LPE/PtHZSM-5 (He) sample (Figure 4- 
15). Evolution profiles show that olefin and alkyl aromatic formation occurred between 
200-300 °C and 240-350 “C. respectively. The selectivity of m/z 91 for volatile alkyl 
aromatic formation was greater than 99%, but the maximum selectivity of m/z 55 for 
olefin formation was only 22%. Large errors in E, values were attributed to small 
amounts of volatile olefin and aromatic species (low m/z 55 and 91 ion signals). 
Consequently, the E, vs. fractional integrated ion signal plots for olefins and alkyl 
aromatics are not included here.
4.2.5 LPE/HY (He)
4.2.5a TA-GC/MS Results
Figure 4-2la shows the repetitive injection chromatograms obtained while heating 
the LPE/HY (He) sample. Volatile products were detected from 160-320 ®C. The initial 
temperature of volatile product evolution was 30 “C higher than that for the LPE/HZSM- 
5 (He) sample. A single volatile product evolution maximum was observed in the 
chromatograms at 210 ®C. Figure 4-21b shows the negative derivative (-Amg/A“C) of the 
TGA weight loss curve for the LPE/HY (He) sample. The large initial decrease in the 
TGA plot between 120-160 °C was due to the desorption of water from the catalyst. A 
single polymer weight loss region was observed between 160-270 “C.
128
6000
4000
2000
0
270120 220 320170
Sample Temperature ("C)
U  0.06
I^ 0.04
0.02
s
0.00
270220 320120 170
Sample Temperature (*(])
Figure 4-21 : a) Repetitive injection chromatogram for LPE/HY heated in
helium b) Negative derivative of the weight loss obtained for
LPE/HY heated in helium by using TGA
129
Figure 4-22 shows the repetitive injection chromatograms obtained at a) 170, b) 
210, and c) 260 °C. At 170 °C (Figure 4-22a), 15 volatile products were detected 
between 0 and 3.25 min and volatile product chromatograms did not change significantly 
as sample temperature increased (Figures 4-22b and 4-22c).
Figure 4-23 shows the species-specific evolution profiles calculated for a) 
paraffin, b) olefin, and c) alkyl aromatic volatile products. The shape of the volatile 
product evolution profiles for volatile paraffin and olefin products were very similar 
(Figure 4-23a and 4-23b), unlike those for LPE/HZSM-5 (He) (Figure 4-3). The 
temperature corresponding to the maximum paraffin evolution rate was 210 °C (Figure 4- 
23a). Alkyl aromatic volatile products were detected initially at 250 and their 
evolution maximized at 290-300 °C (Figure 4-23c). However, the largest integrated TIC 
peak area calculated for the volatile olefin and aromatic products were about 1/15 and 
1/30 of the C7-paraffin area at their respective maximum temperatures. The volatile 
product slate illustrated in Figure 4-23 shows that Cj-Cio hydrocarbons were formed and 
Cs-Cg paraffins (Figure 4-23a) were the dominant volatile species. Volatile alkyl 
aromatic products from the LPE/HY (He) sample contributed a smaller fraction of the 
total product slate relative to the LPE/HZSM-5 (He) sample.
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4.2.Sb TA MS Results
The m/z 57 ion signal selectivity for paraffins was 99% from 0.05-0.95 fractional 
integrated ion signal. The high selectivity resulted primarily from the dominance of 
volatile paraffin formation from the LPE/HY (He) sample. The initial E, value for 
paraffin formation was about 22 kcal/mol at 0.05 fractional integrated ion signal ( 175 °C) 
and then decreased to approximately 19 kcal/mol by 0.95 fractional integrated ion signal 
(250 °C) (Figure 4-24). The initial paraffin E, value was slightly lower than that for the 
LPE/HZSM-5 (He) sample (Figure 4-4) and the trend with respect to temperature (or 
fractional integrated ion signal) was clearly different. Evolution profiles show that 
volatile olefin and alkyl aromatic formation occurred between 160-310 °C and 250-330 
°C, respectively.
The selectivity of m/z 91 for volatile alkyl aromatics formation was greater than 
99%. but the maximum selectivity o f m/z 55 for olefin formation was only 20%. Large 
errors in olefin E, values were attributed to the small amounts of volatile olefin and 
aromatic species (low m/z 55 and 91 ion signals). Consequently, the E, vs. fractional 
integrated ion signal plots for olefins and alkyl aromatics are not included here.
4.2.6 LPE/HY (Hj)
4.2.6a TA-GC/MS Results
Figure 4-25a shows the repetitive injection chromatograms obtained while heating 
the LPE/HY (Hz) sample. Volatile products were detected over the same temperature 
range as for the LPE/HY (He) sample (160-290 “C). A single volatile product evolution 
maximum was observed in the chromatograms at 210 °C.
133
60 m /z 57
Is
40
csOJ
>
I 30
20
OJ 0.5 0.6 0.7 0.8 0.90.2 0.40.1
Fraction of the Total Integrated m/z 57 Ion Signal
0
1
60
50
40
u
<u>
u^
 30
u
20
b)
m /z 57 (.05-.95 conversion)
_ i  ■ ■ ■ I » » 1 ■ » ■ » » - j I ■ ■ ■ ■ I L. _ l _
150 200 250 300 350 400 450
Sample Temperature during 5 °C/min heating ramp
Figure 4-24: a) E, vs. Fractional integrated ion signal b) E, vs. Temperature plots
for the formation of paraffins (m/z 57) from LPE/HY heated in
helium
134
2500
2000
1500
U
f-
1000
500
270 320120 220170
Sample Temperature (”C)
I
.2P
.1
1
0.06
0.04
0.02
0.00
270 320220120 170
Sample Temperature (”C)
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Figure 4-25b shows ihe negative derivative (-Amg/A°C) of the TGA weight loss curve for 
the LPE/HY (Hz) sample. The initial decrease in the TGA plot between 120-170 °C was 
due to water desorption from the catalyst. A single polymer weight loss region was 
observed between 170-270 °C.
Figure 4-26 shows the repetitive injection chromatograms obtained at a) 170, b) 
210, and c) 260 °C. The chromatograms in Figure 4-26 show that relative volatile 
hydrocarbon product yields did not change significantly while the LPE/HY (Hz) sample 
was heated.
Figure 4-27 shows the species-specific evolution profiles calculated for a) paraffin 
and b) olefin volatile products. The shape of the volatile product evolution profiles 
versus temperature for volatile paraffin and olefin products were very similar (Figure 4- 
27a and b), much like those shown for the LPE/HY (He) sample (Figure 4-23). The 
largest integrated TIC peak area calculated for the volatile olefin products was less than 
1/10 of the C7-paraffin area at their respective maximum temperatures. The volatile 
product slate illustrated in Figure 4-27 shows that C3-C10 hydrocarbons were formed and 
that Cô-Cg paraffins (Figure 4-27a) were the dominant volatile species. The temperature 
corresponding to the maximum paraffin evolution rate was 210 °C (Figure 4-27a). 
Volatile alkyl aromatic volatile products were detected in insufficient yield to be 
represented.
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4.2.6b TA MS Results
The m/z 57 ion signal selectivity for paraffins was 99% from 0.05-0.95 fractional 
integrated ion signal. The E» value remained relatively constant at 20-22 kcal/mol 
between 0.05-0.95 fractional integrated ion signal (180-260 °C) (Figure 4-28). The initial 
paraffin Ea value was slightly lower than that for the LPE/HY (He) (Figure 4-24) and the 
trend with respect to temperature (or fractional integrated ion signal) was different. 
Evolution profiles show that olefin formation occurred between 170-250 °C. The 
maximum selectivity of m/z 55 for olefin formation was less than 28% and Ea values had 
large errors due to the low volatile olefin yield. Consequently, the E, vs. fractional 
integrated ion signal plot for olefins is not included here.
4.2.7 LPE/PtHY (He)
4.2.7a TA-GC/MS Results
Figure 4-29a shows the repetitive injection chromatograms obtained while heating 
the LPE/PtHY (He) sample. Volatile products were detected over the same temperature 
range as for the LPE/HY (He) and (Hz) samples (160-330 °C). Two volatile product 
evolution maxima were observed in the chromatograms at 210 and 280 °C. Figure 4-29b 
shows the negative derivative (-Amg/A°C) of the TGA weight loss curve for the 
LPE/PtHY (He) sample. The TGA plot decrease between 120-170 “C was due to 
desorption of water from the catalyst. A single polymer weight loss region was observed 
from 170-265 “C.
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Figure 4-30 shows the repetitive injection chromatograms obtained at a) 170. b) 
210. and c) 260 °C. The majority of the volatile hydrocarbons detected at 150 and 240 
°C (Figure 4-30a and 4-3Ob) had retention times (R*) of less than 3.0 min. Volatile 
products with R, of greater than 3.0 min were predominantly detected at 260 “C (Figure 
4-3ÛC).
Figure 4-31 shows the species-specific evolution profiles calculated for a) 
paraffin, b) olefin, and c) alkyl aromatic volatile products. The volatile product slate 
illustrated in Figure 4-31 shows that Cj-Cio hydrocarbons were formed and that C6-ZC, 
paraffins (Figure 4-31 a) were the dominant volatile species. The shape of the volatile 
product evolution profiles versus temperature for volatile paraffin and olefin products 
were very similar (Figure 4-3 la and b). The temperature corresponding to the maximum 
paraffin evolution rate was 210 °C (Figure 4-31 a). The largest integrated TIC peak area 
calculated for the volatile olefin products was less than 1/9 of the ^ 9-paraffin area at 
their respective maximum temperatures. No volatile paraffin or olefin products were 
detected above 260 °C. Alkyl aromatic volatile products were detected initially at 230 °C 
and their evolution maximized at 270-280 °C (Figure 4-31c). More volatile alkyl 
aromatics evolved from the LPE/PtHY (He) sample compared to the LPE/HY (He) 
sample (Figure 4-23). The fraction o f alkyl aromatics detected for LPE/PtHY (He) was 
similar to that for LPE/PtHZSM-5 (He) (Figure 4-14).
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4.2.7b TA MS Results
The m/z 57 and m/z 91 ion signal selectivities for paraffins and alkyl aromatics 
were both 99% from 0.05-0.95 fractional integrated ion signal. The initial Ea value for 
paraffin formation (solid line w/ error bars) was about 27 kcal/mol at 0.05 fractional 
integrated ion signal (175 °C) and then decreased to approximately 23 kcal/mol by 0.95 
fractional integrated ion signal (255 °C) (Figure 4-32). The initial paraffin Eg value 
calculated for the LPE/PtHY (He) sample was 5 kcal/mol higher than that for the 
LPE/HY (He) sample (Figure 4-24). The initial E, value for alkyl aromatic formation 
(dashed line w/ error bars) was about 23 kcal/mol at 0.05 fractional integrated ion signal 
(240 °C) and remained relatively constant (22-24 kcal/mol) until 0.95 fractional 
integrated ion signal (350 °C) (Figure 4-32). The alkyl aromatic E# value calculated for 
the LPE/PtHY (He) sample was 10 kcal/mol lower than that for the LPE/PtHZSM-5 (He) 
sample (Figure 4-16). Evolution profiles show that volatile olefin evolution occurred 
between 160-260 "C. The maximum selectivity of m/z 55 for olefin formation was only 
25%. Large errors in olefin E# values were attributed to low volatile olefin yield and low 
m/z 55 olefin selectivity. Consequently, the E, vs. fractional integrated ion signal plot for 
olefins is not included here.
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4.2.8 LPE/PtHY (H2)
4.2.8a TA-GC/MS Results
Figure 4-33a shows the repetitive injection chromatograms obtained while heating 
the LPE/PtHY (Hz) sample. Volatile products were detected btween 220-320 °C. The 
initial temperature of volatile product evolution was 60 “C higher than for the LPE/PtHY 
(He) sample. A single volatile product evolution maximum at 260 °C was observed in 
the chromatograms. Figure 4-33b shows the negative derivative (-Amg/A°C) of the TGA 
weight loss curve for the LPE/PtHY (Hz) sample. The TGA plot decrease between 120- 
210 °C was due to desorption of water from the catalyst. A single polymer weight loss 
region was observed from 210-300 ®C.
Figure 4-34 shows the repetitive injection chromatograms obtained at a) 220. b) 
260. and c) 300 °C. Over 20 volatile hydrocarbon products were detected and closely 
eluting volatile products with R, values greater than 3.0 min caused the baseline increase.
Figure 4-35 shows the species-specific evolution profiles calculated for a) paraffin 
and b) olefin volatile products. The shapes of the volatile product evolution profiles 
versus temperature for volatile paraffins were very similar (Figure 4-35a). The largest 
integrated TIC peak area calculated for the volatile olefin products was less than 1/20 of 
the >Cq-paraffin area at their respective maximum temperatures. The volatile product 
slate illustrated in Figure 4-35 shows that € 4 - ^ 9  hydrocarbons were formed and that 17 
isomers of >€» paraffins (Figure 4-3 5a) were the dominant volatile species. The Cs and 
>Cq paraffin isomer yield was significantly greater for the LPE/HY (Hz) sample than for 
the LPE/PtHY (He) sample (Figure 4-31).
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The temperature corresponding to the maximum parafün evolution rate was 260 °C 
(Figure 4-35a). InsufHcient volatile alkyl aromatic volatile products were detected for 
them to be represented.
4.2.8b TAM S Results
The m/z 57 ion signal selectivity calculated for paratTins was 99% from 0.05-0.95 
fractional integrated ion signal. The Ea value for paraffin formation in Figure 4-36 was 
initially 38 kcal/mol at 0.05 fractional integrated ion signal (255 °C). but then decreased 
to 28 kcal/mol by 0.95 fractional integrated ion signal (345 °C). The initial Ea value for 
the LPE/PtHY (Hi) sample was 10 kcal/mol higher and occurred 40 “C higher than for 
the LPE/PtHY (He) sample (Figure 4-32). The initial Ea value for the LPE/PtHY (H;) 
sample was about the same as that for the LPE/PtHZSM-5 (Hi) sample at 0.30 fractional 
integrated ion signal (Figure 4-20). Evolution profiles show that volatile olefin formation 
occurred between 220-290 °C. Large olefîn Ea errors were attributed to low volatile 
olefin yields. Consequently, the E, vs. fractional integrated ion signal plot for olefins is 
not included here.
4.2.9 LPiyHMCM-41 (He)
4.2.9a TA-GC/MS Results
Figure 4-37a shows the repetitive injection chromatograms obtained while heating 
the LPE/HMCM-41 (He) sample. Volatile products were detected from 220-340 °C. 
The initial temperature of volatile product evolution was 60 °C higher than that for the 
LPE/HY (He) sample. A single volatile product evolution maximum was observed at 
270 °C in the chromatograms.
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Figure 4-3 7b shows the negative derivative (-Amg/A°C) of the TGA weight loss curve for 
the LPE/HMCM-41 (He) sample. The small TGA plot decrease between 120-150 °C 
was due to desorption of water from the catalyst. A single polymer weight loss region 
was observed from 220-320 °C.
Figure 4-38 shows the repetitive injection chromatograms obtained at a) 250, b) 
270, and c) 290 °C. The chromatograms in Figure 4-38 show that relative volatile 
hydrocarbon product yields did not change significantly while the LPE/HMCM-41 (He) 
sample was heated. The small air peak at R, %4.8 min in each Figure 4-38 chromatogram 
was caused by leakage of the six port injection valve when it was rotated back to the load 
position (Chapter 2).
Figure 4-39 shows the species-specific evolution profiles calculated for a) paraffin 
and b) olefin volatile products. The shapes of the volatile product evolution profiles 
versus temperature for volatile paraffin and olefin products were very similar (Figure 4- 
39a and 4-39b). The largest integrated TIC peak area calculated for the volatile paraffin 
products was less than 1/7 of the Cs-olefin area at their respective maximum 
temperatures. The volatile product slate illustrated in Figure 4-39 shows that Cj-Cio 
hydrocarbons were formed and that C4-C7 olefins (Figure 4-39b) were the dominant 
volatile species. The temperature corresponding to the maximum olefin evolution rate 
was 270 °C (Figure 4-39b). No volatile alkyl aromatic volatile products were detected 
from the LPE/HMCM-41 (He) sample.
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4.2.9b TA-MS Results
The tn/z 55 ion signal selectivity for olefins was 97% from 0.05-0.95 fractional 
integrated ion signal. The large error in E, values in Figure 4-40 below 0.35 fractional 
integrated ion signal was due to low volatile olefin yields (low m/z 55 ion signal). The 
low ion signal intensity made it difficult to calculate temperatures corresponding to 
specific fractional integrated ion signal values. Above 0.50 fractional integrated ion 
signal (300 °C), the E, value remained relatively constant near 26 kcal/mol until 0.95 
fractional integrated ion signal (345 °C). Evolution profiles show that volatile paraffin 
formation occurred between 240-300 °C. Large errors in paraffin E, values were 
attributed to low volatile paraffin yield and low m/z 57 paraffin selectivity. 
Consequently, the E, vs. fractional integrated ion signal plot for paraffins is not included 
here.
4.2.10 LPiVHMCM-41 (Hj)
4.2.10a TA-GC/MS Results
Figure 4-41 a shows the repetitive injection chromatograms obtained while heating 
the LPE/HMCM-41 (Hi) sample. Volatile products were detected over the same 
temperature range as for the LPE/HMCM-41 (He) sample (230-330 °C). A single 
volatile product evolution maximum was observed in the chromatograms at 270-280 °C. 
Figure 4-4 lb  shows the negative derivative (-Amg/A®C) of the TGA weight loss curve for 
the LPE/HMCM-41 (Hi) sample. The TGA plot decrease between 120-150 “C was due 
to desorption of water from the catalyst. A single polymer weight loss region was 
observed from 230-320 °C.
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hydrogen b) Negative derivative of the weight loss obtained for 
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Figure 4-42 shows the repetitive injection chromatograms obtained at a) 250, b) 
270, and c) 290 “C. The chromatograms in Figure 4-42 show that relative volatile 
hydrocarbon product yields did not change significantly while the LPE/HMCM-41 (Hz) 
sample was heated.
Figure 4-43 shows the species-specific evolution profiles calculated for a) paraffin 
and b) olefin volatile products. The shape of the volatile product evolution profiles 
versus temperature for volatile paraffin and olefin products were very similar (Figure 4- 
43a and 4-43b). The largest integrated TIC peak area calculated for the volatile paraffin 
products was less than 1/7 of the Cs-olefin area at their respective maximum 
temperatures. The volatile product slate illustrated in Figure 4-43 shows that Cj-Cio 
hydrocarbons were formed and that C4-C7 olefins (Figure 4-43b) were the dominant 
volatile species. The temperature corresponding to the maximum olefin evolution rate 
was 270 °C (Figure 4-43b). No volatile alkyl aromatic volatile products were detected 
from the LPE/HMCM-41 (Hz) sample.
4.2.10b TA-MS Results
The m/z 55 ion signal selectivity for olefins was 97% from 0.05-0.95 fractional 
integrated ion signal. The E, value for olefin formation in Figure 4-44 was initially 22 
kcal/mol at 0.05 fractional integrated ion signal (250 °C) and remained relatively constant 
until 0.60 fractional integrated ion signal (300 °C). Above 0.60 fractional integrated ion 
signal (300 °C), the E, value increased to 26 kcal/mol by 0.95 fractional integrated ion 
signal (345 “C). The E, values for the LPE/HMCM-41 (Hz) sample were 6  kcal/mol 
lower than those for the LPE/HZSM-5 (Hz) sample (Figure 4-10). Evolution profiles 
show that volatile paraffin formation occurred between 250-300 °C.
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Large paraffin E, errors were attributed to low volatile paraffin yield and low m/z 57 
paraffin selectivity. Consequently, the E, vs. fractional integrated ion signal plot for 
paraffins is not included here.
4.2.11 LPE/PtHMCM-41 (He)
4.2.IIa TA-GC/MS Results
Figure 4-45a shows the repetitive injection chromatograms obtained while heating 
the LPE/PtHMCM-41 (He) sample. Volatile products were detected between 180-300 
°C. The initial temperature of volatile product evolution was 40 °C lower than for the 
LPE/HMCM-41 (He) sample. A single volatile product evolution maximum was 
observed in the chromatograms at 250 °C. Figure 4-45b shows the negative derivative (- 
Amg/A°C) of the TGA weight loss curve for the LPE/PtHMCM-41 (He) sample. A 
single polymer weight loss region was observed between 170-300 °C.
Figure 4-46 shows the repetitive injection chromatograms obtained at a) 200. b) 
250, and c) 290 ®C. The chromatograms in Figure 4-46 show that relative volatile 
hydrocarbon product yields did not change significantly while the LPE/PtHMCM-41 
(He) sample was heated.
Figure 4-47 shows the species-specific evolution profiles calculated for a) paraffin 
and b) olefin volatile products. The shape of the volatile product evolution profiles 
versus temperature for volatile paraffin and olefin products were very similar (Figure 4- 
47a and 4-47b). The largest integrated TIC peak area calculated for the volatile paraffin 
products was less than 1/10 of the Cs-olefin area at their respective maximum 
temperatures.
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Figure 4-45: a) Repetitive injection chromatogram for LPE/PtHMCM-41 heated 
in helium b) Negative derivative of the weight loss obtained for 
LPE/PtHMCM-41 heated in helium by using TGA
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The volatile product slate illustrated in Figure 4-47 shows that C3-C10 hydrocarbons were 
formed and that € 4 - ^ 9  olefins (Figure 4-47b) were the dominant volatile species. The 
temperature corresponding to the maximum olefin evolution rate was 250 °C (Figure 4- 
47b). No volatile alkyl aromatic volatile products were detected from the 
LPE/PtHMCM-41 (He) sample.
4.2.11b TA-MS Results
The m/z 55 ion signal selectivity for olefins was 99% from 0.05-0.95 fractional 
integrated ion signal. The E, value for olefin formation in Figure 4-48 was initially 36 
kcal/mol at 0.05 fractional integrated ion signal (245 °C). but then decreased to 30 
kcal/mol between 0.20-0.70 fractional integrated ion signal (270-325 °C). Above 0.70 
fractional integrated ion signal (325 "C), the Ea value remained relatively constant at 30 
kcal/mol until 0.95 fractional integrated ion signal (350 “C). The m/z 55 E, vs. fractional 
integrated ion signal plot for the LPE/PtHMCM-41 was very similar to the 
LPE/PlHZSM-5 plot (Figure 4-15). Evolution profiles show that volatile paraffin 
formation occurred between 210-270 ®C. Large paraffin E, value errors were attributed 
to low volatile paraffin yields and low m/z 57 paraffin selectivity. Consequently, the E, 
vs. fractional integrated ion signal plot for paraffins is not included here.
4.2.12 LPE/PtHMCM-41 (H2)
4.2.12a TA-GC/MS Results
Figure 4-49a shows the repetitive injection chromatograms obtained while heating 
the LPE/PtHMCM-41 (Hz) sample. Volatile products were detected between 200-290 
“C.
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Figure 4-49: a) Repetitive injection chromatogram for LPE/PtHMCM-41 heated 
in hydrogen b) Negative derivative of the weight loss obtained for 
LPE/PtHMCM-41 heated in hydrogen by using TGA
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The initial temperature of volatile product evolution was 20 °C higher than that for the 
LPE/PtHMCM-41 (He) sample. A single volatile product evolution maximum was 
observed in the chromatograms at 270 ®C. Figure 4-49b shows the negative derivative (- 
Amg/A°C) of the TGA weight loss curve for the LPE/PtHMCM-41 (Hi) sample. The 
TGA plot decrease between 120-140 °C was due to desorption of water from the catalyst. 
A single polymer weight loss region was observed from 240-290 °C. The 
chromatographic experiment was ended at 290 °C despite the continuous formation of 
volatile products (baseline increase) observed in Figure 4-49a. This was done to avoid 
possible clogging of the GC/MS interface because products formed above 280 °C were 
unable to fully elute from the GC during the heating ramp.
Figure 4-50 shows the repetitive injection chromatograms obtained at a) 250, b) 
270, and c) 280 °C . The chromatograms in Figure 4-50 show that relative volatile 
hydrocarbon product yields changed slightly while the L P E /P tH M C M -41 (H z ) sample 
was heated. The baseline increase in the Figure 4-50 chromatograms was due to the 
formation of volatile products that had R« values that were greater than 3.0 min. When 
the sample temperature reached 280 ®C (Figure 4-50c), the heating ramp of the G C  did 
not provide separation of the hydrocarbon isomers ( ^ 9).
Figure 4-51 shows the species-specific evolution profiles calculated for a) paraffin 
and b) olefin volatile products. The shapes of the volatile product evolution profiles 
versus temperature for volatile paraffins were similar (Figure 4-51 a). Volatile paraffin 
products dominated the product slate from the LPE/PtHMCM-41 (Hz) sample, unlike the 
other three HMCM-41 samples.
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The largest integrated TIC peak area calculated for the volatile olefin products was less 
than 1/100 of the >Cq paraffin area at their respective maximum temperatures. The 
volatile product slate illustrated in Figure 4-51 shows that C3->Cg hydrocarbons were 
formed and that 20 isomers of >Cg paraffins (Figure 4-51 a) were the dominant volatile 
species. The temperature corresponding to the maximum paraffin evolution rate was 270 
°C (Figure 4-51 a). No volatile alkyl aromatic volatile products were detected for the 
LPE/PtHMCM-41 (Hz) sample.
4.2.12b TA-MS Results
The m/z 57 ion signal selectivity for paraffins was 99% from 0.05-0.95 fractional 
integrated ion signal. The initial E, value for paraffin formation in Figure 4-52 was 36 
kcal/mol at 0.05 fractional integrated ion signal (280 °C). The E, value then decreased to 
30 kcal/mol by 0.85 fractional integrated ion signal (320 °C) followed by a steep decrease 
to 16 kcal/mol by 0.95 fractional integrated ion signal (380 °C). The E, vs. fractional 
integrated ion signal plot for the LPE/PtHMCM-41 (Hz) sample is very similar to that for 
the LPE/PtHY (Hz) sample (Figure 4-36) until the steep decrease above 0.85 fractional 
integrated ion signal. Evolution profiles show that volatile olefin formation occurred 
between 220-270 ®C. Large olefin E, value errors were attributed to low volatile olefin 
yield and low m/z 55 olefin selectivity. Consequently, the E# vs. fhictional integrated ion 
signal plot for olefins is not included here.
174
I
s
u
ü
Iu
60
m /z 57
50
40
30
20
0.90.7 0.80.5 0.60.1 0.2 OJ 0.4
Fraction of the Total Integrated m/z 57 Ion Signal
0
1  
S
u
u>
1U
60
  m /z 57 (.05-.95 conversion)
50
40
30
20
350 400 450300250150 200
Sample Temperature during 5 “C/min heating ramp
Figure 4-52: a) E, vs. Fractional integrated ion signal b) Ea vs. Temperature plots for
the formation of paraffins (m/z 57) from LPE/PtHMCM-41 heated in
hydrogen
175
CHAPTER 5 - DISCUSSION OF EXPERIMENTAL RESULTS
5.1 Introduction
Results described in Chapter 4 show that volatile product slates change when 
various mono-functional and bifunctional catalysts crack polyethylene in helium or 
hydrogen. Catalytic cracking mechanisms were solely responsible for volatile product 
slates because products were detected well below temperatures at which thermal cracking 
occurs. In Chapter I, various catalytic cracking mechanisms that are possible for small 
hydrocarbons on acid and metal catalyst functionalities were outlined. Reactions 
between catalysts and polymer may be similar to those observed for small hydrocarbons, 
but larger molecules can undergo a wider variety of reactions and may behave differently 
than small hydrocarbons. For example, unlike small molecules, large polymer molecules 
have limited access to catalyst active sites within pores. As polymer fragments become 
smaller due to cracking, pore accessibility improves. We are interested in the effects of 
adding platinum and/or hydrogen to LPE catalytic cracking processes when using 
HZSM-5, HY, and HMCM-41 acid catalysts. Our goal of this work was to examine the 
dependence of catalyst acidity, pore size, platinum, and hydrogen on the catalytic 
cracking mechanism(s) of LPE.
5.2 Temperature Changes During LPE Cracking
The temperature range of volatile product evolution from LPE/catalyst samples 
depends on the choice of catalyst. Previous work has shown that the temperature at 
which volatile products are first detected from catalytic cracking of polyethylene with 
solid acid catalysts depends on catalyst acid properties.'*^ In general, the temperature at
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which volatile products are detected decreases as the acid strength o f the catalyst 
increases.
5.2.1 LPE/catalysts in Helium
Table 5-1 lists the temperatures at which volatile products were detected from 
LPE by using repetitive injection TA-GC/MS. Results are shown for LPE heated with 
HZSM-5, PtHZSM-5, HY, PtHY, HMCM-41, and PtHMCM-41 in helium and hydrogen. 
The temperatures listed in Table 5-1 were derived from the volatile product evolution 
profiles shown in Chapter 4. Temperatures corresponding to initial volatile product 
detection and maximum volatile product evolution rate are represented in Table 5-1 by 
Init. T and Max. T, respectively. AT denotes the temperature range over which volatile 
products were detected. For example, volatile products were detected initially from 
LPE/HZSM-5 (He) at 130 "C and continued to evolve until 350 ®C (Init. T + AT = 350).
Catalyst acidity is an important parameter in determining the temperature at 
which volatile cracking products are formed. The acid strengths of the catalysts used in 
this study were characterized by ammonia desorption. Increased area under the ammonia 
TPD curve at higher temperatures indicates a larger fraction of strong (e.g. large Ka 
value) acid sites. Figure 2-19 shows that HZSM-5 possessed the largest fraction of 
strong acid sites, followed by HY and HMCM-41. Table 5-1 shows that for metal-free 
LPE/catalyst samples heated in helium, the lowest initial temperature for formation of 
volatiles correlates with the acid strength trend: LPE/HZSM-5 (130 “C) < LPE/HY (160 
°C) < LPE/HMCM-41 (220 °C). However, initial polymer cracking likely occurs only at 
sites accessible to the large polymer molecules (e.g. external surfaces) and acid strength 
was determined for all acid sites accessible to ammonia.
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Volatile Product Evolution Temperatures (°C) from 
TA-GC/MS Experiments
Catalyst* Atm" Init. T M ax T AT*
HZSM-5 He 130 240 2 2 0
HZSM-5 Hz 130 240 2 0 0
PtHZSM-5 He 130 240 2 1 0
PtHZSM-5 Hz 130 230 2 2 0
HY He 160 2 1 0 170
HY Hz 160 2 1 0 130
PtHY He 160 2 1 0 170
PtHY Hz 2 2 0 260 100
HMCM-41 He 2 2 0 270 120
HMCM-41 Hz 2 2 0 270 100
PtHMCM-41 He 180 250 120
PtHMCM-41 Hz 2 0 0 270 100
“LPE/Catalyst sample "Reaction condition (Atm) '^Temperature 
range of volatile product evolution (Final T = Init. T + AT)
Table 5-1 : Temperatures of volatile product evolution for LPE/Catalyst samples
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Thus, because only a fraction of the total number of acid sites was initially accessible to 
the polymer, the correlation between -acid strength and temperature of initial volatile 
product detection may have been a coincidence. During polymer cracking, access to acid 
sites within pores should be better for larger pore catalysts. Thus, HZSM-5 should have 
the smallest fraction of sites in contact with LPE at low temperatures. Furthermore, it has 
been reported that the strength of acid sites inside catalyst pores is greater than those on 
the external surface."*'  ^ Therefore, acid strength as measured by ammonia TPD is likely 
not representative of the initially accessible sites. As polymer cracking progresses with 
increased temperature, catalyst surfaces become coated with smaller polymer fragments 
that can more easily enter the pores, which increases the number of acid sites available 
for cracking. When all acid sites are accessible to polymer fragments, ammonia TPD 
acid strength would be expected to correlate with cracking effectiveness. However, 
temperatures corresponding to maximum volatile product evolution rates (Max. T) do not 
correlate with ammonia TPD acid strength (Table 5-1). This may have been due to 
deactivation of some acid sites during catalytic cracking. Catalyst acid strength and site 
density are factors that affect the rate of catalyst deactivation.**''* An increase in the 
fraction of sites with high acid strength increases the rate of deactivation. Therefore, 
rapid deactivation of the strong HZSM-5 acid sites would be expected when they become 
accessible to polymer fragments.
5.2.2 LPE/catalysts in Hydrogen
When metal-free LPE/catalysts were heated in hydrogen, there was virtually no 
change in the initial and maximum temperatures of volatile product evolution compared 
to the same samples heated in helium (Table 5-1). However, the temperature ranges (AT)
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of product evolution decreased by 20-40 °C when LPE/catalysts were heated in 
hydrogen. When helium is replaced by hydrogen, it is possible that hydrogenation can 
occur on metal-free acid catalysts. Many authors have reported that molecular hydrogen 
can be activated by metal impurities, alkali metals, and the Brônsted acid sites of metal- 
free catalysts.'^ '^ Molecular hydrogen activation during small hydrocarbon cracking was 
shown to be dependent on temperature and hydrogen pressure in addition to the acid 
strength, acid site density, and pore dimensions of the catalyst. The exact form of 
activated hydrogen species is unknown, but their presence can lead to hydrogenation 
reactions on the catalyst surface. It has also been proposed that the presence of hydrogen 
can increase the concentration of Brônsted acid sites on catalyst surfaces.'^ If 
additional Brônsted acid sites were formed on LPE/catalyst surfaces by activated 
hydrogen species, they were not of adequate strength to reduce the initial temperature of 
volatile product evolution, but may have been responsible for the narrower volatile 
product evolution ranges. Even though the physical characteristics of each catalyst were 
different, the consistent decrease in the temperature range over which volatiles were 
detected suggests that the effects of hydrogen were similar for each catalyst.
5.23  LPE/Ptcatalysts in Helium
When a catalyst has two different types of active sites, it is termed bifunctional. 
Typically, bi functional catalysts consist of a transition metal moiety (e.g. platinum) and 
an acid moiety. Classical bifunctional hydrocracking/hydroconversion involves 
hydrogenation reactions on the metal and isomerization and cracking reactions on the 
acid sites.^° However, when small hydrocarbons react on bi functional catalysts in the 
absence of hydrogen, the functionality of the metal can be altered.^®*  ^ Dehydrogenation,
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cracking, and hydrogenolysis reactions can occur on the metal surface.*®'^  ^ Small 
hydrocarbon dehydrogenation reactions have been reported to occur at temperatures as 
low as 150 “C on both platinum black and Pt-bifunctional catalysts/' 
Hydrogenolysis reactions on a metal tend to occur at higher temperatures (>200 °C) and 
require surface species with high hydrogen c o n te n t /C o n s e q u e n t ly ,  it is possible 
that volatile products formed by platinum catalyzed reactions may be formed as low as 
150 °C for LPE/Ptcatalyst samples heated in helium. Therefore, the addition of platinum 
without hydrogen could affect the temperature at which initial volatile products are 
detected.
The addition of platinum did not significantly affect the acidity of the catalysts as 
evidenced by the similarity of ammonia TPD curves for catalyst samples with and without 
platinum (Figures 2-16 to 2-18). Similar TPD characterizations reported in the literature 
have shown that the addition of transition metals (i.e. platinum) does not affect catalyst 
a c i d i t y T h u s ,  the initial temperature at which volatile products were detected for 
catalysts containing platinum would be expected to be the same as for the metal-free 
catalysts. This was observed for the LPE/PtHZSM-5 (He) and LPE/PtHY (He) samples. 
Platinum catalyzed reactions did not cause a shift in the temperatures of volatile product 
detection for the LPE/PtHZSM-5 (He) and LPE/PtHY (He) samples compared to their 
metal-free analogs (Table 5-1). However, platinum catalyzed reactions did contribute to 
the formation o f volatile products because changes in volatile product slates were 
detected for the LPE/PtHZSM-5 (He) and LPE/PtHY (He) samples compared to their 
metal-free analogs (vide infra).
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The presence of platinum decreased the initial temperature (Init. T) at which 
volatiles were detected by 40 °C for the LPE/PtHMCM-4l (He) sample compared to the 
LPE/HMCM-41 (He) sample (Table 5-1). Volatile products were initially detected at 
180 °C for the LPE/PtHMCM-41 (He) sample compared to 220°C for the LPE/HMCM- 
41 (He) sample. In addition, the temperature corresponding to the maximum volatile 
product evolution rate (Max. T) decreased by 20 °C for the platinum loaded sample. This 
would suggest that platinum in the LPE/PtHMCM-41 (He) sample contributed 
significantly to volatile product formation at 180 °C and that the importance of metal 
catalyzed reactions decreased, but was still significant at higher cracking temperatures. 
The relatively weak acidity of the PtHMCM-41 catalyst may be the reason that the effect 
of platinum on volatile product evolution temperatures was more apparent for this 
catalyst than for the PtHZSM-5 and PtHY catalysts.
5.2.4 LPE/Ptcatalysts in Hydrogen
The activation energy o f hexane hydrocracking on metal-free acid catalysts is 
reportedly lower than on metal-loaded bifunctional analogs.^' Perrotin et al. and 
references therein describe the catalyst dependence on the activation energy of 
hexadecane hydroconversion.^^ Catalyst trends in hydrocracking activation energies 
were: acid catalysts (40-50 kJ/mol) < bi functional catalysts (105-135 kJ/moi) < metallic 
catalysts (230-295 kJ/mol).^^ Acid catalyzed C-C bond rupture requires less energy than 
metal catalyzed C-C bond rupture. The hydrogen partial pressure has also been reported 
to affect hydrocracking activation energies.^^'^ In general, an increase in hydrogen 
partial pressure leads to an increase in activation energy due to competitions between 
molecular hydrogen and hydrocarbons for acid sites. Platinum preferably catalyzes
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hydrogen activation rather than cracking reactions. Therefore, an increase in energy is 
required for metal-catalyzed cracking reactions when excess hydrogen is present. Thus, 
it would be expected that the presence of both platinum and hydrogen would increase the 
activation energy for LPE cracking, which would result in an increase in the temperature 
required for reactions. In fact, TGA results reported by Liu et al. have shown that initial 
decomposition of commingled plastic by PtAliO] was indeed shifted to slightly higher 
temperatures in hydrogen compared to helium.^^
The initial volatile product evolution temperature for LPE/PtHY (H2) was shifted 
60 °C higher and the maximum product evolution rate was shifted 50 “C higher 
compared to the LPE/PtHY (He) sample (Table 5-1). Slight increases (20 °C) for the 
initial and maximum temperatures were also observed for LPE/PtHMCM-41 (Hz) 
compared to the same sample in helium. The temperature range for volatile product 
evolution decreased by 20 °C for LPE/PtHMCM-41 and 70 “C for LPE/PtHY in 
hydrogen compared to helium, which implies that the rate of volatile product evolution 
increased. There was no temperature shift observed for the LPE/PtHZSM-5 (Hz) sample 
compared to the LPE/PtHZSM-5 (He) or LPE/HZSM-5 (Hz) samples (Table 5-1). The 
fact that LPE/PtHZSM-5 (Hz) did not exhibit a temperature shift during TA-GC/MS 
experiments would suggest that pore size is important for this effect. However, the effect 
was larger for PtHY than for PtHMCM-41, which suggests that it cannot be attributed 
solely to pore size considerations.
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5J  Volatile Product Slate Comparisons
Volatile product evolution fronv LPE/catalyst samples depended on the choice of 
catalyst. Previous work has shown that the volatile products detected from cracking PE 
with solid acid catalysts depend heavily on catalyst pore size and acidity.' ^
SJ.Ia LPE/HZSM-5 (He) vs. LPE/HZSM-S (H2)
Table 5-2 lists the relative volatile product yields from the LPE/HZSM-5 (He). 
LPE/HZSM-5 (Hz). LPE/PtHZSM-5 (He), and LPE/PtHZSM-5 (Hz) samples obtained by 
TA-GC/MS. Plots of integrated TIC chromatographic peak area with respect to sample 
temperature for each volatile product category constitute their respective evolution 
profiles that were shown in Chapter 4. Percentages of the total (for all chromatograms) 
integrated TIC signals were calculated for each product category and grouped by carbon 
number and molecular type in Table 5-2. Calculated percentages were found to vary by 
less than 2% in consecutive analyses (Chapter 2). Percent residue was calculated by 
oxidative TGA weight loss after previously heating the respective sample in helium or 
hydrogen. The change in percent residue was found to be less than 1% in consecutive 
analyses (Chapter 2).
Catalyst pore size and acidity influence the volatile product distribution formed 
during catalytic cracking of PE.'"^’^ *^ * In general, smaller volatile products are obtained 
from catalysts with higher acid strength. Catalyst pores can act as molecular sieves that 
can also affect volatile product size. Therefore, the size of volatile products evolved from 
LPE cracking would be expected to increase with larger average pore size and lower acid 
strength: LPEmZSM-5 < LPEyHY < LPE/HMCM-41.
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Percentage Yields’* 
by Catalyst and Purge gas
HZSM-5 HZSM-5 PtHZSM-5 PtHZSM-5
Volatile Products (He) (Hz) (He) (Hz)
Paraffin Ci - - - 4(1)
C 4 10“(2) 10(3) 9(2) 17(3)
Cs 11(2) 13(2) 11 (2) 23(2)
C6 13(3) 8(3) 10(3) 24 (3)
Ct 6(3) 4(3) 5(3) 12(3)
f c * 2(3) 1(2) 2(3) 6(3)
> c . <1 (3) 1(3) 1(5) 6(6)
Olefin Ci 12(1) 17(1) 12(1) -
C 4 21(3) 25 (3) 19(3) -
Cs 14(4) 16(4) 11(3) -
C6 3(4) 2(4) 2(4) 1 (1)
Ct <1(1) <1(1) - 2(3)
Cg - 1 (2) - 1 (3)1f
^ 9 - - - 1 (3)
Aromatic Ben' <I - <1 <1
Toi'' 2 I 4 1
Cz-Ph' 2(3) 1(2) 10(3) 1(3)
Cj-Ph 1(2) <1(1) 3(2) <1 (2)
C4-Ph - - <1 (1)
Vo Total Volatiles 97 99 99 99
P/o'* 0.84 0.60 0.86 18
%R* 5 2 3 <1
” LPE/Catalyst samples are listed along with the reaction atmosphere in parentheses 
(He = Helium, Hz = Hydrogen) “Percentages calculated from integrated total ion 
current chromatographic peak areas. The maximum number of isomers detected for 
each product is labeled in parentheses. **P/0 = Paraffin/Olefin Ratio 'Ben = Benzene 
‘‘ToI = Toluene T h  = Phenyl group Percent residue (%R) was calculated by the 
weight loss in air divided by the total weight loss.
Table 5-2; Volatile product distribution, P/O ratio, and percent residue for the 
LPE/HZSM-5 and LPE/PtHZSM-5 samples heated in helium and 
hydrogen
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Our results are not consistent with this trend, the largest volatile products were detected 
when LPE was cracked in helium and hydrogen by HY. This discrepancy could be due 
to the fact that LPE cracking reactions are dependent on pore accessibility and the 
strengths of accessible acid sites and both of these may change during sample heating.
Disproportionation reactions leading to paraffin formation should be favored on 
strong HZSM-5 acid sites. However, small HZSM-5 pores inhibit bimolecular reactions. 
Carbénium ions formed on strong acid sites inside small pores would have long residence 
times that would increase the probability for P-scission reactions (i.e. olefin formation)." 
Many authors have reported that carbénium ion P-scission contributes significantly to the 
cracking mechanism of small hydrocarbons on HZSM-5 catalysts."***’^ ' Similar trends 
toward increased olefin production have been reported when PE was cracked by HZSM-5 
compared to larger pore zeolites.'
Volatile olefins ranging from C3-C5 made up 47% and 58% of the total volatile 
product slates detected for the LPE/HZSM-5 (He) and LPE/HZSM-5 (Hi) samples, 
respectively (Table 5-2). Volatile paraffins (C4-C7) were 40% and 35% of the total 
product slates, respectively. These results are consistent with volatile product 
distributions previously reported for PE cracking by HZSM-5 where small (C3-C5) 
olefins were the principal volatile products f o r m e d . Disproportionation reactions 
were favored over p-scission at low temperatures (<200 °C) because the majority of the 
volatile product slate consisted of paraffins. Behrsing et al. have shown that the external 
acid sites of PtHZSM-5 are active for the hydroisomerization of branched olefins.^" 
Catalyst particle size was also reported to affect the volatile product distribution when 
cracking polymers.*^'^ Therefore, disproportionation reactions may occur initially on the
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external HZSM-5 surface because polymer segments are too large to diffuse into the pore 
structure. At higher temperatures (>200 °C), TA-GC/MS results from the LPE/HZSM-5 
(He) and LPE/HZSM-5 (Hz) samples are consistent with literature reports that the 
combination of strong acid sites and small pore dimensions of HZSM-5 favor 
unimolecular P-scission and/or desorption reactions (i.e. olefin formation) over 
disproportionation.'” *’ '
Paraffin yield was expected to increase at the expense of olefin formation with the 
addition of hydrogen because of acid catalyzed hydrogenation reactions. In fact. 
Lugstien et al. reported that n-heptane cracking products for HZSM-5 heated in hydrogen 
at high pressure and low conversion (<10%) consisted of more paraffins and less 
C3-C4 olefins compared to helium.** The paraffin/olefin ratios (P/O) calculated for 
LPE/HZSM-5 were 0.84 in helium and 0.60 in hydrogen, which reflects a slight decrease 
in paraffin formation (Table 5-2). The individual percentages of volatile paraffin (C 4- 
>Cq) products listed in Table 5-2 are relatively constant in helium and hydrogen 
atmospheres, except for a 5% decrease in C6 paraffin formation. This discrepancy 
relative to the Lugstein et al. report may result because LPE cracking was performed 
under very different reaction conditions (e.g. lower Hz pressure and high polymer 
conversion).
The temperatures of initial volatile product evolution were the same for the 
LPEÆIZSM-5 (He) and LPE/HZSM-5 (Hz) samples (Table 5-1). However, as the 
temperature increased and the catalyst became coated with smaller polymer fragments, 
the probability of hydrogenation increased. Hydrogen activation on metal-free HZSM-5 
under 0.5 Atm hydrogen was reported to increase as catalyst temperatures increased from
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100-400 °C.'^ P/O ratios listed in Table 5-2 do not reflect the preferential increase in 
volatile parafUn formation at temperatures greater than 200 °C observed for the 
LPE/HZSM-5 (Hz) sample compared to the LPE/HZSM-5 (He) sample. At higher 
temperatures, a larger fraction of the total paratTln slate was evolved in hydrogen 
compared to helium as illustrated by the evolution profiles in Figure 5-1. Thus. P/O 
ratios plotted with respect to temperature were found to change (Figure 5-2). Below 220 
°C. P/O ratios calculated for the sample heated in hydrogen were less than those for the 
sample heated in helium. The reduction in initial paraffin formation in hydrogen was 
followed by an increase at higher temperatures as shown by the increase in P/O ratio in 
hydrogen above 200 °C. Consequently, total paraffin yields detected in hydrogen were 
similar to that for helium (Table 5-2). The increase in P/O ration for the LPE/HZSM-5 
(Hz) sample above 200 ®C may be explained by metal-free hydrogenation.
The combination of catalyst acidity and pore dimensions influence residue and 
volatile aromatics formation rates. Various cracking studies have found that increased 
catalyst pore size together with increased acidity promotes formation of surface residue.'' 
3.47-I8.56-59 Volatile aromatic species are known to originate from accumulated 
unsaturated surface species.^*'* Residue formation during PE cracking was found to 
increase in the catalyst order; HZSM-5 < HMCM-41 < HY.' More volatile aromatic 
products were observed during PE cracking by HZSM-5 than HY because the smaller 
pore HZSM-5 was significantly more effective at facilitating cyclization than HY.'"^ ^^ *"^ * 
Even though HZSM-5 was the strongest acid catalyst used in the study, the pores of 
HZSM-5 were only large enough to allow formation of small alkyl aromatics and 
formation of fused unsaturated residue species was inhibited.
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The small amount of residue found after cracking LPE by HZSM-5 is consistent with the 
literature reports that smaller pores restrict formation of large unsaturated species.
The percentage of volatile alkyl aromatic species was 5% of the total volatile 
product slate detected for the LPE/HZSM-5 (He) sample. In contrast, 2% was formed for 
the LPE/HZSM-5 (Hj) sample (Table 5-2). There was a 4-5% increase in C.i and C4 
oleftn yields along with reduced volatile aromatics yields in hydrogen compared to 
helium. Carbonaceous residue that remained on the LPE/HZSM-5 (He) sample 
amounted to 5% of the initial polymer weight. Only 2% residue remained on the 
LPE/HZSM-5 (H2) sample. The presence of hydrogen contributes to hydrogenation 
reactions on metal-free catalysts that decrease residue.*’"*' Ding et al. have reported that 
less residue collects on HZSM-5 after the decomposition of HOPE in hydrogen versus 
nitrogen.*” Apparently, the hydrogen activating ability of metal-free HZSM-5 is 
adequate to reduce residue and alkyl aromatic yields, but not sufficient to reduce olefin 
production. The formation of residue and alkyl aromatic products requires the presence 
of conjugated double bonds, which were reduced in concentration by hydrogenation. The 
20 °C decrease in volatile product evolution temperature range for the LPE/HZSM-5 (H2) 
sample compared to the LPE/HZSM-5 (He) sample (Table 5-1) can be explained by 
metal-free hydrogenation and the resulting decrease in volatile alkyl aromatics yield.
S J .lb  LPEmZSM-S (He) vs. LPE/PtHZSM-5 (He)
Dehydrogenation, cracking, and hydrogenolysis reactions may occur on platinum 
in the absence of molecular hydrogen.’”*^ Specific contributions from platinum 
catalyzed reactions may not be evident because volatile products may be the same as 
those formed on acid sites. For example, no significant differences in volatile product
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slates were reported from n-heptane conversion by HZSM-5 and PtHZSM-5 in helium/^ 
However, those studies were conducted at constant conversion with low n-heptane 
concentrations. At low conversion, volatile product slates are constant because catalyst 
active sites remain relatively unchanged. LPE cracking is a high conversion reaction in 
which catalyst properties may constantly change. Thus, changes in relative product 
yields are more likely to be detected for LPE cracking by platinum containing catalysts. 
Hydrogenolysis can form paraffins, but there is a very low probability for this reaction in 
hydrogen deficient environments. However, contributions from dehydrogenation and 
cracking reactions catalyzed by platinum could enhance olefin and aromatic yields in 
volatile product slates.
There was no significant change in P/O ratio between the LPE/HZSM-5 (He) and 
LPE/PtHZSM-5 (He) samples (Table 5-2). However, total volatile paraffin and olefin 
yields decreased by 5% when platinum was added. Increased unsaturation was evidenced 
by an increase in volatile alkyl aromatics formation for the LPE/PtHZSM-5 (He) sample 
compared to the LPE/HZSM-5 (He) sample. Volatile aromatic products amounted to 5% 
of the total volatile product slate detected for the LPE/HZSM-5 (He) sample. The 
volatile aromatics yield increased to 17% of the total product slate for the LPE/PtHZSM- 
5 (He) sample (Table 5-2).
A general trend of increased product size distribution has been reported for 
polymer cracking in nitrogen with bifunctionai catalysts compared to metal-free acid 
catalysts.^"*^ Increased formation of aromatics and/or larger olefin species reportedly 
cause a change in volatile product distribution that depends on catalyst properties. 
Dehydrocyclization reactions on platinum sites o f bifunctional catalysts are additional
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pathways for alkyl aromatics formation.^’** Aromatic products reportedly form 
preferentially to skeletal isomers during hexane conversion over Pt black in absence of 
hydrogen.^^^ Gnep et al. reported that an increase in volatile aromatic species correlates 
with the presence of platinum during cyclization of propane on HZSM-5 and PtHZSM-5 
in hydrogen defîcient environments.^ The acid catalyst structure of bi functional 
catalysts was reported to be very important for dehydrocyclization reactions of 
hydrocarbons larger than C?.^ Thus, it is likely that the pore structure of HZSM-5 
together with the presence of platinum combined to increase volatile aromatics yield at 
the expense of paraffin and olefin formation for the LPE/PtHZSM-5 (He) sample 
compared to the metal-free sample.
Carbonaceous residue that remained on the LPE/HZSM-5 (He) sample was 5% of 
the initial polymer weight. Only 3% of the initial polymer weight remained on the 
LPE/PtHZSM-5 (He) sample. Previous PE cracking studies revealed that increased 
residue formation on bi functional catalysts could be correlated with increased aromatics 
fbrmation.^^^^^° Bifunctional catalysts have been reported to collect more residue than 
metal-free catalysts under the same conditions.^^' In contrast to literature reports, there 
were more volatile aromatics and less carbonaceous residue for the LPE/PtHZSM-5 (He) 
sample compared to the LPE/HZSM-5 (He) sample.
S J .lc  LPE/PtHZSM-S (He) vs. LPE/PtHZSM-5 (Hz)
According to the classical bifunctional catalyst mechanism, the role of platinum is 
to promote dehydrogenation/hydrogenation reactions.^" In section 5.2.3, it was discussed 
that platinum can be multi-functional. The hydrogenation ability o f platinum is 
dramatically increased in the presence of molecular hydrogen due to a process called
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hydrogen spillover.*^ ’^  ’'* During bifunctional hydrocracking, molecular hydrogen is 
activated on platinum sites and then the activated species migrate (i.e. spillover) to 
another metal or acid site to participate in hydrogenation reactions. The exact form of 
activated hydrogen species Is unknown, but hydrogen spillover has been proposed to 
occur by gas phase and surface transfer mechanisms.^
Volatile paraffins (C4-C7) were 35% of the total product slate detected for the 
LPE/PtHZSM-5 (He) sample (Table 5-2). Volatile paraffins (C4-C7) increased to 76% of 
the total product slate detected for the LPE/PtHZSM-5 (Hi) sample due to platinum 
catalyzed hydrogenation. The volatile paraffin/olefin ratios (P/O) were 0.86 and 18. 
respectively. No volatile C3 paraffins were detected for the sample heated in helium, but 
4% of the total volatile product slate for the sample heated in hydrogen were C3 paraffins. 
There was also an increased relative abundance of € * - > € 9  paraffins for the 
LPE/PtHZSM-5 (Hz) sample compared to the LPE/PtHZSM-5 (He) sample (Table 5-2).
Increased acid strength together with small pore size was shown to favor n- 
hcxadecane hydrocracking. An increased amount of smaller paraffin isomers were 
detected from n-hexadecane hydrocracking by PtHZSM-5 compared to PtHY and 
PtMCM-41.^ Many authors have reported that hydrogenation of olefins (formed by p- 
scission) contribute significantly to paraffin formation during hydrocracking of C9-C16 
hydrocarbons over PtHZSM-5 catalysts.’* ^  Therefore, the small pores and strong acid 
strength of PtHZSM-5 should promote LPE hydrocracking to form volatile paraffins with 
an increase in the amount of small isomers compared to cracking in helium, which is 
consistent with our measurements.
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Volatile olefin and aromatic products made up only 5% of the total volatile 
product slate detected for the LPE/PtHZSM-5 (H2) sample, which was much less than 
was detected for the LPE/PtHZSM-5 (He) sample (55%) (Table 5-2). Carbonaceous 
residue that remained on the LPE/PtHZSM-5 (Hz) sample amounted to <1% of the initial 
polymer weight (Table 5-2), which was much less than any of the other LPE/HZSM-5 
samples. Studies of small hydrocarbon conversion on metal-free and bi functional 
catalysts have shown that the accumulation of residue on the catalyst depends on 
hydrogen partial p re s s u re .H y d ro g e n a tio n  has been suggested to inhibit surface 
residue formation.^ '^^^ Residue and volatile aromatic yields during bifunctional cracking 
reactions can be correlated.^*’ For example, Aberuagba et al. detected decreased 
aromatics and residue formation from the conversion of 2-heptene over PtAlzOj in 
hydrogen compared to nitrogen.*^ Our results are consistent with this report, residue and 
volatile aromatics yield decreased when LPE/PtHZSM-5 was heated in hydrogen 
compared to helium.
5J.2a LPE/HY (He) vs. LPiTHY (Hi)
Table 5-3 lists the relative volatile product yields for the LPE/HY (He), LPE/HY 
(Hz). LPE/PtHY (He), and LPE/PtHY (Hz) samples. Volatile paraffins ranging from C4- 
^ 9  made up 96% and 98% of the total volatile product slates for the LPE/HY (He) and 
LPE/HY (Hz) samples, respectively. P/O ratios were high for both samples and differed 
by about 20%. Disproportionation reactions, which yield paraffin products, are favored 
carbénium ion reactions at strong acid sites unless catalyst pore size restricts bimolecular 
reactions.** Even with decreased acid strength, the increased pore size of HY compared to 
HZSM-5 appears to be adequate to accommodate these bimolecular reactions.
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Percentage Yields 
by Catalyst and Purge gas
Volatile Products HY (He) H Y (H z) PtHY (H e) PtHY (Hz)
Paraffin Ci - - - .
C4 12"(1) 12(3) 9(1) 7(3)
Cs 17(1) 16(1) 10(1) 11 (2)
Ce 19(3) 19(3) 16(3) 14(4)
C t 20 (3) 21(3) 15(3) 18(4)
> Cg 17(4) 19(5) 13(4) 19(4)
>Cg II (5) 11(7) 12(10) 29(17)
O lefin C3 1(1) <1(1) 1(1) -
C4 1(3) 2(2) 2(3) -
Cs 1(3) 2(3) 1(3) •
Ce < l ( l ) - - *
C t <1 (1) - <1 (1) <1(1)
Cg <l(l) <1(2) - 1(1)
f
^ 9 - - - -
Aromatic Ben' - - - -
Toi** - - - -
Cz-Ph' - - 2(2) -
Cj-Ph 1(2) - 12(3) -
1 f C4-Ph < l ( l ) - 6(1) -
% Total Volatiles ICO 102 99 99
p/o" 32 25 19 98
% r’ 19 13 26 9
**LPE/Catalyst samples are listed along with the reaction atmosphere in parentheses 
(He = Helium, Hz = Hydrogen). "Percentages calculated from integrated total ion 
current chromatographic peak areas. The maximum number of isomers detected for 
each product is labeled in parentheses. ’’P/O = Paraffin/Olefin Ratio "^ Ben = Benzene 
**Tol = Toluene T h  = Phenyl group Percent residue (%R) was calculated by the 
weight loss in air divided by the total weight loss.
Table 5-3: Volatile product distribution, P/O ratio, and percent residue for the 
LPE/HY and LPE/PtHY samples heated in helium and hydrogen
1%
These results are consistent with previous literature reports. For example, paraffin rich 
products were detected during HOPE eracking with HY catalyst heated in nitrogen.^** ’^ 
Previous work in this laboratory has also shown that volatile paraffins are the principal 
species formed by HY during PE cracking in helium.'
The competition between cracking at external sites and inside pores appears to be 
less important for the larger pore HY catalyst because, unlike HZSM-5, there was little 
change in volatile product slate in helium and hydrogen as the cracking temperature 
increased. Volatile paraffin products were the main species detected for the LPE/HY 
samples and the influence of hydrogen was not as obvious as for the LPE/HZSM-5 
samples, except for the decrease in the volatile product evolution temperature range 
(Table 5-1). There was a large decrease in the amount of residue between the LPE/HY 
(He) and LPE/HY (Hz) samples. Carbonaceous residue that remained on the LPE/HY 
(He) sample amounted to 19% of the initial polymer weight and 13% of the initial 
polymer weight remained on the LPE/HY (Hz) sample (Table 5-3). The addition of 
metal-free hydrogenation reactions would be expected to decrease the amount of surface 
residue formed on a catalyst during hydrocracking.^^^' Thus, the decrease in residue and 
volatile product evolution temperature range in the presence of hydrogen can be 
attributed to hydrogenation reactions.
The percentage of volatile alkyl aromatics species for the LPE/HY (He) sample 
was very small (1%) and no aromatics were detected from the LPE/HY (Hz) sample. 
More volatile aromatic products were detected during PE cracking by HZSM-5 than by 
HY because the smaller HZSM-5 pore was significantly more effective at cyclization of 
conjugated double bond systems than HY.'"*  ^ Even though the LPE/HY samples
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accumulated more residue than the LPE/HZSM-5 samples, aromatics formation was not 
favored by HY because the pores were not small enough to promote cyclization.
5J.2b LPE/HY (He) vs. LPE/PtHY (He)
Volatile paraffins ranging from Ca-^Ci) in size made up %% and 75% of the total 
volatile product slate detected for the LPE/HY (He) and LPE/PtHY (He) samples, 
respectively (Table 5-3). There was an increase in the number of >Cq paraffin isomers 
and a decrease in the Cs-Cg paraffin yields for the LPE/PtHY (He) sample. The large P/O 
ratio difference was due to the reduction in paraffin yield for the LPE/PtHY sample. 
Acid and platinum catalyzed reactions may contribute to the formation of volatile 
paraffins and olefins for the LPE/PtHY (He) sample. However, it was not possible to 
distinguish products formed by specific mechanisms o f the bi functional catalyst. 
Increased volatile product size has been reported for polymer cracking in nitrogen with 
bi functional catalysts compared to metal-free acid catalysts.^^"*  ^ Thus, the addition of 
platinum likely caused the increase in ^ 9  isomers detected for the LPE/PtHY (He) 
sample compared to the LPE/HY (He) sample.
An increase in residue (Table 5-3) and volatile aromatics yield were detected 
when platinum was added to the HY catalyst. A large increase in volatile aromatics yield 
at the expense of volatile paraffin yield is illustrated by the evolution profiles in Figure 5- 
3. The volatile alkyl aromatics yield from LPE/HY (He) was 1% (Table 5-3). However, 
volatile aromatic species were 20% of the total volatile product slate for the LPE/PtHY 
(He) sample. Carbonaceous residue that remained on the LPE/HY (He) sample 
amounted to 19% of the initial polymer weight and increased to 26% with the addition of 
platinum.
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These results are consistent with previous reports that bi functional catalysts collect more 
residue and produce more volatile alkyl aromatics than metal-free catalysts when the pore 
size allows.^”  Thus, dehydrogenation reactions catalyzed by platinum increased the 
yield of volatile aromatic products and residue.
S3.2c LPE/PtHY (He) vs. LPE/PtHY (Hz)
Volatile paraffins ranging from C4-^Cq in size made up 75% and 98% of the total 
volatile product slate detected for the LPE/PtHY (He) and LPE/PtHY (Hz) samples, 
respectively (Table 5-3). There was an increase in the number and amount of >Cy 
paraffin isomers detected from the LPE/PtHY (Hz) sample. The dramatic change in P/O 
ratio was due to the large increase in paraffin yield for the LPEi/PtHY (Hz) sample. The 
percentage of volatile alkyl aromatic species formed from LPE/PtHY (He) was 20% and 
no aromatics were detected for the LPE/PtHY (Hz) sample. Carbonaceous residue that 
remained on the LPE/PtHY (He) sample amounted to 26% of the initial polymer weight 
and decreased to 9% with the addition of hydrogen. Bifunctional hydrogenation 
reactions have been previously shown to decrease the amount of residue and volatile 
alkyl aromatic yields.*^ "*^
In the case of polymer hydrocracking, larger paraffin isomers should be observed 
under hydrogenating conditions compared to non-hydrogenating conditions. When 
surface species undergo hydrogenation reactions, there is increased probability that 
species will be released from the active site before cracking may occur.*’ Coonradt et al. 
reported that more paraffins (C4-C1Z) were formed during hexadecane hydrocracking over 
PtSiAl compared to cracking over SiAl in nitrogen (Cj-Cô).’  ^ They also reported 
negligible oleftn formation during hydrocracking, but substantial olefin yields were
2 0 0
detected during cracking/* Lower HDPE oil conversion due to reduced polymer 
cracking on a bi functional catalyst was observed in hydrogen compared to nitrogen/^ In 
other words, bi functional catalysts promote shorter carbénium ion residence times that 
lead to larger products, the degree to which this occurs depends on catalyst properties 
(e.g. pore size, acid strength, metal, and acid site d e n s ity C o m p a re d  to LPE/PtHZSM- 
5 results, the increased size of volatile products evolved by LPE/PtHY hydrocracking 
correlates with average pore size and acid strength; LPE/PtHZSM-5 < LPE/PtHY. 
Volatile paraffin products were the main species formed from both LPE/PtHY samples, 
but the hydrogenation function of platinum led to increased product evolution 
temperatures when hydrogen was present (Table 5-1).
S 3 3 a  LPE/HMCM-41 (He) vs. LPE/HMCM-41 (Hz)
Table 5-4 lists the relative yields of the volatile products for the LPE/HMCM-41 
(He). LPE/HMCM-41 (Hz), LPE/PtHMCM-41 (He), and LPE/PtHMCM-41 (Hz) 
samples. Volatile olefins ranging from Cj-Cg in size made up 89% and 90% of the total 
volatile product slates detected for the LPE/HMCM-41 (He) and LPE/HMCM-41 (Hz) 
samples, respectively (Table 5-4). Volatile paraffins (C4-C*) were 13% and 12% of the 
total product slates and P/O ratios were calculated to be 0.15 and 0.13. respectively. 
Volatile olefin products were the main species formed from the LPE.'HMCM-4I samples, 
which was similar to what was observed for the LPE/HZSM-5 samples. Compared to 
HZSM-5 and HY. HMCM-41 had the fewest acid sites and lacked high acid strength 
sites. The high olefin yield for the LPE/HMCM-41 samples suggests that P-scission and 
desorption dominated rather than disproportionation during LPE cracking.
2 0 1
Percentage Yields’* 
by Catalyst and Purge gas
HMCM-41 HMCM-41 PtHMCM-41 PtHMCM-41
Volatile Products (He) (H2) (He) (Hz)
Paraffin c , . - - <1 (1)
C4 4“ (2) 5(2) 1(2) 4(3)
Cs 2(1) 3(1) 1(1) 6(2)
C6 1(1) 2(2) - 7(4)
c^ 2(2) 1(1) I (1) 9 (4)
f Cg 3(1) <1(1) - 11 (4)
>c. 1(6) 1(5) - 61(20)
Olefin Cs 4(1) 4(1) 3(1) -
C4 19(3) 20(3) 13(3) -
Cs 30(5) 29(4) 20(4) -
C6 22(6) 23 (6) 19(7) -
Ct 10(5) 10(5) 16(6) <1 (1)
Cg 4(6) 4(6) 15(6) 1(1)
>c. - - 12(8) -
Aromatic Ben" - - - -
Tol** - - - -
Cz-Ph" . - - -
Cs-Ph - - - -
r C4-Ph - - - -
% Total Volatiles 102 102 101 99
P/O" 0.15 0.13 0.03 98
% r ‘ 6 5 16 5
**LPE/Catalyst samples are listed along with the reaction atmosphere in parentheses 
(He = Helium, H2 = Hydrogen). “Percentages calculated from integrated total ion 
current chromatographic peak areas. The maximum number of isomers detected for 
each product is labeled in parentheses. *1*/0 = Parafiin/Olefin Ratio “^ Ben = Benzene 
‘‘T o I = Toluene 'Ph = Phenyl group Percent residue (%R) was calculated by the 
weight loss in air divided by the total weight loss.
Table 5-4: Volatile product distribution, P/O ratio, and percent residue for the 
LPE/MCM-41 and LPE/PtHMCM-41 samples heated in helium and 
hydrogen
2 0 2
Disproportionation reaction rates depend on carbénium ion reactivites. which arc 
determined by catalyst site acid strengths/ Therefore, catalytic site acidities may have 
been too low for this reaction pathway to be favored. There appears to be no competition 
between cracking at external sites and within pores for the larger pore HMCM-41 catalyst 
because there was no significant change in volatile product slate in helium and hydrogen 
when the cracking temperature was increased.
There was an increase in the size of volatile olefins formed by HMCM-41 ( C 4 - C 7 )  
compared to HZSM-5 (C3-C5). This trend is consistent with reports of increased volatile 
product size for hexadecane and PE batch reactions with increased catalyst pore size and 
decreased acid strength.''^"**’^  ^ However, HY and HMCM-41 do not follow this trend.
The size distribution of volatile products from the LPE/HMCM-41 (He) and 
LPE/HMCM-41 (Hz) samples were very similar. No volatile aromatic species were 
detected from either LPE/HMCM-41 sample. The carbonaceous residue that remained 
on the LPE/HMCM-41 (He) sample amounted to 6 % of the initial polymer weight and 
5% remained on the LPE/HMCM-41 (Hz) sample (Table 5-4). Previous PE cracking 
studies have found that formation of aromatic products was not favored by HMCM-41 
ca ta ly s ts .C o m p a re d  to the HZSM-5 and HY catalysts, the increased pore size of 
HMCM-41 should facilitate the formation of large surface residue species. However, 
lower catalyst acidity should inhibit formation of residue.' Hydrogenation on metal-
free HMCM-41 does not appear to affect the volatile product slate or residue 
accumulation as much as for HY and HZSM-5. However, a slight decrease in the volatile 
product evolution temperature range (20 °C) was observed for the LPE/HMCM-41 (Hz) 
sample, which may be attributed to metal-free hydrogenation.
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5 3 3 h  LPE/HMCM-41 (He) vs. LPE/PtHMCM-41 (He)
Cracking reactions that lead to volatile product formation may be supplemented 
by hydrocarbon reactions on platinum sites. Thus, changes in LPE relative product yields 
may be detected after the addition of platinum to the HMCM-41 cracking catalyst. 
Contributions from dehydrogenation and cracking reactions catalyzed by platinum would 
be expected to enhance oleftn and aromatic yields in volatile product slates.
Volatile oleftns ranging from C^-C* in size made up 89% and 98% of the total 
volatile product slate detected for the LPE/HMCM-41 (He) and LPE/PtHMCM-41 (He) 
samples, respectively (Table 5-4). Decreased Ca-Cô olefin yields were detected, but 
increased C?-^Cv oleftn yields were detected for the LPE/PtHMCM-41 (He) sample 
compared to the LPE/HMCM-41 (He). The volatile P/O ratios were 0.03 and 0.15, 
respectively. The initial temperature of volatile product evolution decreased by 40 °C 
with the addition of platinum to the catalyst (Table 5-1). No volatile aromatic species 
were detected for either sample. The carbonaceous residue that remained on the 
LPE/HMCM-41 (He) sample amounted to 6% of the initial polymer weight and 16% 
remained on the LPE/PtHMCM-41 (He) sample (Table 5-4).
The increased size distribution of volatile products formed from the 
LPE/PtHMCM-41 (He) sample compared to the LPE/HMCM-41 (He) sample was 
expected. The addition of platinum to HMCM-41 increased the amount of surface 
residue formed in heliiun, but did not promote volatile aromatics formation as was 
observed for the PtHY and PtHZSM-5 catalysts. Even with the addition of platinum, 
formation o f aromatic products was not favored by the large pore size and/or low acidity 
o f the HMCM-41 catalyst.
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S 3 3 c  LPE/PtHMCM-41 (He) vs. LPE/PtHMCM-4! (Hi)
Volatile olefins made up 98% of the total volatile product slate detected for the 
LPE/PtHMCM-41 (He) sample (Table 5-4). However, volatile olefin yields made up 1% 
of the total volatile product slate detected for the LPE/PtHMCM-41 (Hz) sample. 
Volatile parafTins (C4-C7) made up 3% of the total volatile product slate for the 
LPE/PtHMCM-41 (He) sample. In contrast, 37% of the total volatile product slate were 
Ca-Cs paraffins and 61% were >Cg paraffins for the LPE/PtHMCM-41 (Hz) sample. The 
P/O ratios were 0.03 and 98, respectively. These results clearly show that the 
hydrogenation function of the platinum counteracted the tendency for HMCM-41 to form 
olefins. No volatile aromatics were detected for either sample. Carbonaceous residue 
that remained on the LPE/PtHMCM-41 (He) sample amounted to 16% of the initial 
polymer weight. Carbonaceous residue that remained on the LPE/PtHMCM-41 (Hz) 
sample amounted to 5% of the initial polymer weight. Thus, the hydrogenation activity 
of the platinum was responsible for the volatile product evolution temperature shift, the 
increased size of volatile paraffin isomers, and the decrease in residue for the 
LPE/PtHMCM-41 (Hz) sample.
5.4 Isoconversion E, of LPE Cracking
The “effective” activation energy (E,) value represents the minimum energy 
required for reaction processes that lead to a given result (i.e. volatile product class) 
(Chapter 3). E, value changes during a temperature dependent reaction reflect changes in 
parallel reaction pathway(s). An increase in E, with temperature denotes changing 
contributions from competing reaction mechanisms.*^ A decrease in E, with temperature
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reflects a change in the rate limiting step (RLS) for one or more parallel mechanisms.** 
Ea temperature profiles for LPE/catalyst samples heated in helium and hydrogen 
atmospheres were derived from three mass spectrometer ion signals: m/z 55, 57, and 91. 
As described in Chapter 3, these ions were chosen because of their high selectivities for 
>C3-olefin, >C3-parafïln, and alkyl aromatic volatile products, respectively. E, versus 
temperature plots will be shown here because volatile products evolve over different 
temperature ranges for the LPE/catalyst samples. The temperature scales in the E, plots 
were generated by assuming a 5 °C/min heating ramp. Ea versus temperature plots may 
not always correlate with volatile product evolution profiles because TA-GC/MS 
experiments employed a slightly slower heating rate (2 °C/min).
Ea value accuracies depend on the degree to which the ion signals used for 
calculating these values correlate with the target product class. Correlations between E, 
value and reaction mechanism may be less meaningful when selectivities are low. Ion 
signal selectivities for paraffin (m/z 57) and olefin (m/z 55) formation varied between ca. 
75-99% for the LPE/HZSM-5 (He), LPEmZSM-5 (Hz), and LPE/PtHZSM-5 (He) 
samples. Ion selectivities for all other LPE/catalyst samples ranged from ca. 97-99%.
5.4.1 LPE/HZSM 5 Paraffin Formation E,
The selectivity of m/z 57 for paraffins for the LPE/HZSM-5 (He) and 
LPE/HZSM-5 (Hz) samples changed with temperature and was dependent on the volatile 
product slate. Between 160-180 °C, the m/z 57 paraffin selectivity for the LPE/HZSM-5 
(He) sample decreased from ca. 99 to 88% and then remained relatively constant at 88% 
until 250 “C (Figure 5-4, triangle). Above 250 °C, selectivity decreased dramatically.
206
100
LPE/llZSM-5 (He) 
LPE/HZSM-5 (H,)
1
120 140 160 180 200 220 240 260 280 300 320 340 
Sample Temperature (°C)
Figure 5-4: Plot of paraffin (m/z 57) selectivity vs. sample temperature
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The high selectivity at low temperature indicates that Ea values calculated at these 
temperatures accurately represent volatile paraftln formation mechanisms. As the 
selectivity decreases, paraffin formation mechanisms may not be represented as well by 
Ea values. The trend in selectivity with respect to temperature for the LPE/HZSM-5 (Hj) 
sample was similar to that for the LPE/HZSM-5 (He) sample (Figure 5-4. circle). The 
selectivity of m/z 57 for paraffins for the LPE/PtHZSM-5 (He) sample remained 
relatively constant at ca. 89-92% over the 160-250 ®C temperature range. Above 250 °C, 
very small amounts of volatile paraffins were formed by the LPE/HZSM-5 (He). 
LPE/HZSM-5 (Hz), and LPE/PtHZSM-5 (He) samples. Consequently, m/z 57 
selectivities were very low and therefore these portions of the E, versus temperature plots 
are not shown.
Figure 5-5 shows the Ea vs. temperature plots for the a) LPE/HZSM-5 (He) (solid 
line) and LPE/HZSM-5 (Hz) (dotted line) and b) LPE/PtHZSM-5 (He) samples. The 
shape of the Ea curve for each plot in Figure 5-5 follows the same general trend with 
respect to temperature. Large error in the E# values calculated for the LPE/PtHZSM-5 
(He) sample makes interpretation of Ea trends questionable for this sample (Figure 5-5b). 
Ea values remained relatively constant from 160-180 ®C, which suggests that the 
mechanism(s) o f volatile parafRn formation did not change significantly during this 
temperature range. An increase in E, with respect to temperature from 180-225 “C was 
due to a change in the relative importance of paraffin formation by parallel reaction 
mechanisms. The E, plateau from 225-250 °C suggests that mechanism(s) that form 
paraffins remained unchanged over this temperature range.
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Volatile product evolution profiles for the LPE/HZSM-S samples show that paraffin 
formation was favored at temperatures below 200 °C. Acid catalyzed disproportionation 
reactions are believed to lead to the formation of volatile paraffins from reactions on 
HZSM-S active sites that are initially accessible to LPE (i.e. external surfaces). Acid 
sites inside pores are known to be stronger than those on the external surface and stronger 
acid sites should better promote disproportionation. However, volatile product evolution 
profiles suggest that the combination of strong acid sites and small pore dimensions of 
HZSM-5 favor unimolecular P-scission and/or desorption reactions (i.e. olefin formation) 
over disproportionation at temperatures above 200 “C. Diffusion of large LPE molecules 
into the HZSM-5 pores and disproportionation at acid sites within pores are sterically 
inhibited processes. Therefore, an increase in Ea for paraffin formation would be 
expected for disproportionation reactions that occur inside pores compared to reactions 
on external acid sites. As the temperature increases, smaller polymer fragments can more 
easily diffuse into catalyst pores and competition between disproportionation reactions at 
external surfaces and inside pores would increase the effective E, value for paraffin 
formation.
Relatively constant E, values of 22-25 kcal/mol from 160-180 "C were calculated 
for the LPEmZSM-5 (He), LPEmZSM-5 (Hz), and LPE/PtHZSM-5 (He) samples, 
suggesting that the mechanism(s) o f paraffin formation were not significantly affected by 
the addition of hydrogen or platinum at those temperatures. These results are consistent 
with paraffin formation by disproportionation on external catalyst surfaces.
The increase in E, value from 25 to 48 kcal/mol for paraffin formation for the 
LPE/HZSM-5 (He) sample over the 180-225 ®C temperature range is consistent with
2 1 0
competition between disproportionation reactions at external sites (lower Ea) and within 
pores (higher Ea) (Figure 5-5a, solid line). When hydrogen was present, the increase in 
Ea value was not as large (22 to 32 kcal/mol) over this temperature range (Figure 5-5a, 
dotted line). Metal-free hydrogenation reactions were previously reported to be favored 
at elevated temperature and can contribute additional pathway(s) for formation of volatile 
paraffins. Therefore, as the sample temperature increased, hydrogenation reactions on 
external catalyst surfaces competed with disproportionation inside HZSM-5 pores. The 
decreased rate of Eg value change between 180-225 °C may have been due to 
contributions from this additional parallel mechanism. E, values also increased less for 
the LPE/PtHZSM-5 (He) sample, from 24 to 38 kcal/mol over the 180-250 °C 
temperature range, compared to the metal-free sample (Figure 5-5b). However, the large 
errors in the E, values for the LPE/PtHZSM-5 (He) sample make interpretation of E» 
variations highly speculative.
Figure 5-6 shows the E, vs. temperature plot for the LPE/PtHZSM-5 (Hz) sample. 
The selectivity of m/z 57 for paraffins was ca. 99% over the entire volatile product 
evolution temperature range. Thus, E, values can be expected to accurately represent 
volatile paraffin formation mechanisms for this sample. Eg values increased from 25 to 
40 kcal/mol over the 165-210 °C temperature range. Ea values then decreased from 40 to 
33 kcal/mol over the 210-260 °C temperature range and then remained relatively constant 
at 33 kcal/mol from 260-300 “C.
The Ea value at 165 “C (25 kcal/mol) in Figure 5-6 was nearly identical to the 
values for the other three LPE/HZSM-5 samples.
2 1 1
0 
E
1
r -«r»
E
L.
a
<9LU
(U
>I
UJ
50
LPE/PlHZSM-5 in Hydrogen
40
30
250 300150 200
Sample Temperature during 5°C/min Heating Ramp
Figure 5-6: E, vs. temperature plot for the formation of parafHns (m/z 57) by 
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However, the amount of volatile paraffins detected at low temperatures (<200 °C) 
increased substantially for the LPE/PtHZSM-5 (H2) sample compared to the other 
LPE/HZSM-5 samples as shown by the volatile product evolution profiles (Figures 4-3.
4-9, 4-14, and 4-19). The immediate increase in E, value is due to a combination of 
platinum catalyzed hydrogenation and increased contributions from disproportionation 
inside catalyst pores.
The decrease in E, value over the 210-260 °C temperature range for the 
LPE/PtHZSM-5 (Hz) sample (Figure 5-6) was not observed for the other LPE/HZSM-5 
samples. The maximum volatile paraffin evolution rate for this sample occurred during 
this temperature range (Figure 4-19). A decrease in E, value with respect to temperature 
indicates a change in the processes leading to paraffin formation. This change must be 
associated with changes in catalytic hydrogenation reactions with increasing temperature.
Volatile product evolution profiles show that small amounts of paraffins were 
formed above 250 “C for the LPE/HZSM-5 (He), LPE/HZSM-5 (Hz), and LPE/PtHZSM- 
5 (He) samples. Unsaturated volatile species (e.g. olefins and alkyl aromatics) were 
found to dominate evolution profiles for these samples above 250 °C. In contrast, 
significant volatile paraffin yields were detected above 250 ®C for the LPE/PtHZSM-5 
(Hz) sample. Platinum catalyzed hydrogenation likely inhibited unsaturated volatile 
product formation pathways, which resulted in the production of volatile paraffins above 
250 °C.
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S.4.2 LPE/HZSM-S Olefin Formation E,
The selectivity of m/z 55 for olefins changed with respect to temperature for the 
LPE/HZSM-5 (He) (triangle), LFEmZSM-5 (H2) (circle), and LPE/PtHZSM-5 (He) 
(square) samples. For example, m/z 55 olefin selectivity as a function of temperature is 
shown for the LPE/HZSM-5 (He), LPE/HZSM-5 (Hz), and LPE/PtHZSM-5 (He) samples 
in Figure 5-7. Selectivity increased from ca. 57 to 80% over the 140-180 °C temperature 
range. Ea values are not included in E, versus temperature plots for this range because 
low selectivity made the accuracies of these values questionable. Volatile product 
evolution profiles show that olefin formation was favored over paraffin formation at 
temperatures above 180 °C for the LPE/HZSM-5 (He), LPE/HZSM-5 (Hz). 
LPE/PtHZSM-5 (He) samples. From 180-250 °C, selectivity remained relatively 
constant at about 80-85%. Above 250 °C, selectivity of m/z 55 for olefins increased to 
ca. 99%. Similar trends of selectivity with respect to temperature were observed for the 
LPE/HZSM-5 (Hz) and LPE/PtHZSM-5 (He) samples. Olefin yields were too low for 
calculation of E, values for the LPE/PtHZSM-5 (Hz) sample.
Figure 5-8 shows E, vs. temperature plots for olefin formation for the 
LPE/HZSM-5 (He) (solid line), LPE/HZSM-5 (Hz) (dotted line), and LPE/PtHZSM-5 
(He) (dashed line) samples. The E# curves for the LPE/HZSM-5 (He) and LPE/PtHZSM- 
5 (He) samples follow similar trends with respect to temperature. E, values for the 
LPE/HZSM-5 (He) and LPE/PtHZSM-5 (He) samples increased from 30 to 40 kcal/mol 
and 34 to 38 kcal/mol over the 190-230 °C temperature range, respectively. Olefin m/z 
55 selectivities were only about 80% for both samples in this temperature range.
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Figure 5-7: Plot of olefin (m/z 55) selectivity vs. sample temperature calculated 
from TA-GC/MS results for LPE/HZSM-5 and LPE/PtHZSM-5 
heated in helium and LPE/HZSM-5 heated in hydrogen
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Thus, the increase in Ea value over this temperature range may not necessarily reflect a 
change in olefin formation mechanisms. Rather, it may have been caused by changes in 
paraffln forming reactions, because the primary non olefln contribution to m/z 55 in this 
temperature range was from paraffins. A decrease in E, value was observed for both 
LPE/HZSM-5 (He) and LPE/PtHZSM-5 (He) samples from 40 to 28 and 38 to 30 
kcal/mol over the 230-300 °C temperature range, respectively (Figure 5-8). This 
decrease in E» value coincides with the detection o f alkyl aromatic volatile products. The 
change in E, at this temperature may signify mechanistic changes for olefln formation in 
which volatiles were derived from unsaturated surface residue rather than polymer 
fragments.
The trend in E, versus temperature for the LPE/HZSM-5 (H?) sample was quite 
different (Figure 5-8, dotted line). E, values for this sample increased from 28 to 40 
kcal/mol over the 190-310 °C temperature range. Alkyl aromatic products were detected 
in small amounts for this sample compared to the LPE/HZSM-5 (He) and LPE/PtHZSM- 
5 (He) samples. Therefore, the change in mechanism proposed for the LPE/HZSM-5 
(He) and LPE/PtHZSM-5 (He) samples may not have been possible because the required 
unsaturated residue was not formed in the presence of hydrogen. Above 250 ®C, m/z 55 
selectivities for volatile olefln formation were better than 99% for the LPE/HZSM-5 
(He), LPE/PtHZSM-5 (He), and LPE/HZSM-5 (Hz) samples, suggesting that Ea values 
should accurately reflect olefln formation mechanisms. Thus, the E, value decrease for 
the LPE/HZSM-5 (He) and LPE/PtHZSM-5 (He) samples and the E« value increase for 
the LPE/HZSM-5 (Hz) sample suggests that the presence of hydrogen affected the olefln 
forming reaction pathways above 250 °C.
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S.4J LPE/HZSM-5 and LPE/PtHZSM-5 Alkyl Aromatics Formation E,
Volatile alkyl aromatic yields for the LPE/HZSM-5 (H2) and LPE/PtHZSM-5 
(Hz) samples were too low for activation energy calculations. However, the m/z 91 
selectivities for volatile alkyl aromatics formation were greater than 99% for the 
LPE/HZSM-5 (He) and LPE/PtHZSM-5 (He) samples. E, versus temperature plots for 
the LPE/HZSM-5 (He) (solid line) and LPE/PtHZSM-5 (He) (dotted line) samples are 
shown in Figure 5-9. Activation energies for both samples were relatively constant 
throughout the temperature range over which alkyl aromatics were detected, suggesting 
that reaction mechanisms remained relatively unchanged with sample heating. Eg values 
for the LPE/PtHZSM-5 (He) sample were about 4 kcal/mol greater than those for the 
LPE/HZSM-5 (He) sample at the same temperature. The alkyl aromatics yield for the 
LPE/PtHZSM-5 (He) sample (19%) was significantly greater than the yield for the 
LPE/HZSM-5 (He) sample (6%). This three fold increase in alkyl aromatics yield for the 
LPE/PtHZSM-5 (He) sample compared to the LPE/HZSM-5 (He) sample can be 
attributed to platinum catalyzed dehydrocyclization reactions. Consequently, the increase 
in Ea values for the LPE/PtHZSM-5 (He) sample compared to the LPE/HZSM-5 (He) 
sample was likely due to the addition of a platinum catalyzed pathway for alkyl aromatics 
formation.
5.4.4 LPE/HY Parafllin Formation E,
Figure 5-10 shows paraffin formation E. values versus temperature for the 
LPE/HY (He) (solid line) and LPE/HY (Hz) (dotted line) samples.
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The temperature range for volatile product evolution and m/z 57 selectivities (ca. 99%) 
were about the same for both samples. - Neither plot in Figure 5-10 exhibits the dramatic 
increase in Eg value that was observed for the corresponding HZSM-5 samples (Figure 5- 
5). Apparently, the high activation energy HZSM-5 pathway for paraffin formation did 
not contribute to HY catalyzed reactions. The lack of this high activation energy 
pathway suggests that steric hinderance for reactions that occur within HY pores is much 
less than for reactions within HZSM-5 pores. The LPE/HY (He) Eg versus temperature 
plot exhibits a slight downward trend whereas the LPE/HY (H?) plot exhibits a slight 
upward trend. The higher Eg value for the LPE/HY (Hz) sample compared to the 
LPE/HY (He) sample at 250 ®C may reflect the effects of hydrogenation on paraffln 
production. Hydrogenation reaction contributions to volatile product yields would be 
expected to increase with increasing sample temperature, thus. Eg values would be 
expected to increase with temperature. Although the paraffln yield for the LPE/HY (Hz) 
sample was not signiflcantly greater than for the LPE/HY (He) sample (Table 5-3). the 
effect of hydrogenation was evidenced by the fact that alkyl aromatics were detected for 
the sample heated in helium but not in hydrogen.
Figure 5-11 shows paraffln formation E, values versus temperature for the 
LPE/PtHY (He) and LPE/PtHY (Hz) samples. The temperature range corresponding to 
volatile paraffln evolution was very different for the two samples. The m/z 57 
selectivities for paraffln formation were nearly constant at ca. 99% for both samples. 
Both Eg versus temperature plots exhibit similar downward trends with increasing sample 
temperature.
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However, the LPE/PtHY (Hz) sample plot is shifted to higher temperature (ca. 60 °C) and 
to higher activation energy (ca. 10 kcal/mol) relative to the LPE/PtHY (He) plot. This is 
consistent with literature reports that activation energies for hydrocracking with 
hi functional catalysts are significantly higher than for acid catalyzed cracking\ 
Hydrocracking was also responsible for the dramatic increase in paraffin yield for the 
LPE/PtHY (Hz) sample (98%) compared to the LPE/PtHY (He) sample (75%). In the 
absence of hydrogen, the main effect of adding platinum to the HY catalyst was to 
increase the alkyl aromatics yield ten-fold (i.e. from 2% to 20%, Table 5-3).
5.4.5 LPE/HY Olefin Formation E,
LPE/HY sample olefin yields ranged between 2-5% (Table 5-3). The poor signal- 
to-noise for m/z 55 ion signal versus temperature plots and low m/z 55 selectivities for 
olefin formation precluded activation energy calculations for this volatile product class.
5.4.6 LPE/PtHY Alkyl Aromatics Formation E,
The LPE/PtHY (He) sample was the only sample containing HY catalyst that 
formed significant quantities of alkyl aromatics (Table 5-3). The E# versus temperature 
plot for the LPE/PtHY (He) sample is shown in Figure 5-12. The m/z 91 selectivity for 
alkyl aromatics was ca. 99% over the volatile product evolution temperature range. The 
alkyl aromatics formation activation energy was relatively constant at 22-25 kcal/mol 
between 240 and 350 “C. Nearly all alkyl aromatics formed by the LPE/PtHY (He) 
sample can be attributed to dehydrocyclization reactions catalyzed by platinum.
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Thus, this reaction pathway for PtHY can be characterized by a 22-25 kcal/mol activation 
energy. In contrast, E, values for the-LPE/PtHZSM-5 (He) sample were more than 10 
kcal/mol greater than for the LPE/PtHY (He) sample (Figure 5-9). The significantly 
higher Eg values for the PtHZSM-5 catalyst in helium suggests that platinum may 
preferentially reside within HZSM-5 pores, which would result in increased steric 
hinderance for dehydrocyclization reactions compared to the PtHY catalyst.
5.4.7 LPE/PtHMCM-41 Paraffin Formation E,
Low paraffin yields and large contributions to m/z 57 ion signals from olefins 
precluded paraffin formation activation energy calculations for all but the 
LPE/PtHMCM-4l (H?) sample. The Eg versus temperature plot for the LPE/PtHMCM- 
41 (111) sample is shown in Figure 5-13. The m/z 57 selectivity for paraffin formation for 
this sample was ca. 99% over the temperature range corresponding to volatile paraffin 
evolution. The high initial activation energy and downward trend with increasing sample 
temperature were similar to the LPE/PtHY (H2) sample plot (Figure 5-11) and reflects the 
dominance of platinum catalyzed hydrogenation reactions for paraffin formation. This 
dominance is clearly illustrated by the dramatic increase in volatile paraffin yield for the 
LPE/PtHMCM-41 (Ha) sample (99%) compared to the LPE/PtHMCM-41 (He) sample 
(3%) (Table 5-4).
5.4.8 LPE/HMCM-41 Olefin Formation E.
Eg value versus temperature plots for the LPE/HMCM-41 (He) (solid line) and 
LPE/HMCM-41 (Hz) (dotted line) samples are shown in Figure 5-14a. Figure 5-14b 
shows the E# versus temperature plot for the LPE/PtHMCM-41 (He) sample.
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The selectivity for m/z 55 for olefins was better than 97% for all three samples over their 
respective olefin evolution temperature fanges. Very large Ea errors for the LPE/HMCM- 
41 (He) sample precluded any interpretation of activation energy trends below 290 °C for 
this sample. Above 300 ®C, error bars for the LPE/HMCM-41 (He) and LPE/HMCM-41 
(Hi) plots overlap, thus Ea values in this range cannot be considered to be statistically 
different for these samples. Volatile product distributions for these two samples were 
very similar (Table 5-4) confirming that replacing helium with hydrogen had little effect 
on LPE/HMCM-41 reaction mechanisms.
The Ea versus temperature plot for the LPE/PtHMCM-41 (He) sample in Figure 
5-14b exhibits a downward trend with increasing temperature similar to that for the 
LPE/PtHZSM-5 (He) sample (Figure 5-8). Comparing volatile product distributions in 
Table 5-2 and Table 5-4 shows that volatile slate changes caused by addition of platinum 
to HZSM-5 were primarily associated with increased alkyl aromatics yield whereas 
changes attributed to addition of platinum to HMCM-41 were associated with increased 
volatile olefln yield. Table 5-3 shows that adding Pt to HY also resulted in a dramatic 
increase in alkyl aromatics yield. The smaller pores o f HZSM-5 and HY relative to 
HMCM-41 may provide better steric alignment of hydrocarbon fragments, which 
facilitates platinum catalyzed dehydrocyclization reactions to form alkyl aromatics. The 
much larger HMCM-41 pores cannot provide this steric requirement, therefore an 
enhanced olefln yield was the principle result o f platinum catalyzed reactions for the 
LPE/PtHMCM-41 (He) sample.
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5.4.9 LPE/HMCM-41 Alkyl Aromatics Formation E,
No significant yield of alkyl aromatics was detected for any of the LPE/HMCM- 
41 samples. Thus, activation energy versus temperature plots could not be generated.
5.5 Conclusions
Based solely on acid strength considerations, paraffin formation should have been 
most favored for the LPE/HZSM-5 (He) sample. Indeed, volatile paraffins were detected 
at the lowest temperatures for the LPE/HZSM-5 (He) sample compared to the LPE/HY 
(He) and LPE/HMCM-41 (He) samples. Volatile paraffin formation was favored by 
disproportionation reactions catalyzed by external acid sites as illustrated by the low Eu 
values for the LPE/HZSM-5 (He) sample at low temperatures (< 200 “C). However, as 
polymer fragments gained access into the small pores of HZSM-5, bimolccular 
disproportionation reactions were inhibited. This trend was evidenced by the large 
increase in E, value for paraffin formation at higher temperatures for the LPE/HZSM-5 
(He) sample (Figure 5-5). In helium, the highest paraffin yield for a metal-free sample 
was detected for the LPE/HY (He) sample. HY apparently had acid sites of adequate 
strength and larger pores compared to HZSM-5, which facilitated bimolecular reactions. 
The HY preference for paraffin formation resulted from the relatively constant and low 
paraffin formation E, values over the entire volatile product evolution temperature range 
(Figure 5-10). In contrast, the low paraffin yield for the LPE/HMCM-41 (He) sample 
was likely due to the low acidity of the catalyst. Although the HMCM-41 pore size was 
large enough to facilitate disproportionation, catalytic site acidity was apparently too low 
for this reaction pathway to be favored.
229
Aromatic products were detected at temperatures above those at which volatile 
paraffin and olefin product evolutions maximized. The shift in alkyl aromatic evolution 
profiles to higher temperatures relative to paraffins and olefins is consistent with a 
mechanism in which unsaturated surface species are precursors for alkyl aromatic 
formation.* Alkyl aromatic yields decreased in the order; LPE/HZSM-5 > LPE/HY > 
LPE/HMCM-41. which follows the trend of increased pore size. Very small amounts of 
aromatic products were detected when the LPE/HY (He) sample was heated and no 
aromatics were formed for the LPE/HMCM-41 (He) sample. Apparently, cyclization 
reactions were not favored within the larger HMCM-41 pores. Steric restrictions on 
reaction volume afforded by HZSM-5 and HY (to a lesser extent) promoted aromatic ring 
formation from conjugated unsaturated polymer segments.
Unsaturated residue formed during catalytic reactions that produced paraffins and 
olefins was likely the source o f alkyl aromatics and non-volatile residue. It is well known 
that strong acid sites are more prone to accumulate residue. Affer heating, the LPE/HY 
(He) sample contained almost four times the amount of residue as the LPE/HZSM-5 (He) 
sample, despite the fact that HZSM-5 had stronger acid sites than HY. However, the 
larger HY pores facilitated the formation of non-volatile unsaturated residue. Even 
though the HMCM-41 pore size was much larger than the HY pore size, the amount of 
residue remaining on the LPE/HMCM-41 (He) sample was substantially less than for the 
LPE/HY (He) sample. This can be attributed the low acidity o f HMCM-41 acid sites.
The general trends observed for LPE/catalyst samples heated in helium were also 
observed when the samples were heated in hydrogen. The magnitude o f hydrogenation 
effects depended on catalyst acid strength. Thus, the LPE/HZSM-5 sample was the only
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one for which both volatile product slate and residue content were significantly different 
in hydrogen compared to helium (Table 5-2). For the LPE/HY sample, a decrease in 
residue was observed in the presence of hydrogen (Table 5-3). No significant hydrogen 
effect was observed for the LPE/HMCM-41 sample. The magnitude of the 
hydrogenation effect was also reflected by E, versus temperature curves. The difierences 
between the LPE/HZSM-5 (Hz) and LPE/HZSM-5 (He) paraffin curves (Figure 5-5) were 
greater than the LPE/HY (Hz) and LPE/HY (He) differences (Figure 5-10).
The addition of platinum increased the volatile aromatic or olefin yield and/or 
residue content for the LPE/Ptcatalyst (He) samples compared to the corresponding 
LPE/catalyst (He) samples. This magnitude of the platinum catalyzed effect appears to 
be a function of catalyst pore size and acidity. The LPE/PtHZSM-5 (He) sample yielded 
less alkyl aromatics than LPE/PtHY (He) and formed the smallest amount of residue. 
The LPE/PtHY (He) sample yielded the most alkyl aromatics and the most residue 
compared to the other Pt/catalyst (He) samples. The LPE/PtHMCM-41 (He) sample 
yielded more large olefins and less residue than the LPE/HY (He) sample. The lower 
volatile aromatics yield for the LPE/PtHZSM-5 (He) sample (Table 5-2) compared to the 
LPE/PtHY (He) sample (Table 5-3) is consistent with a higher Ea value (Figures 5-9 and
5-12) and may be due to increased steric hindrance for platinum particles located inside 
HZSM-5 pores.
Bifunctional hydrogenation reactions dominated volatile product forming 
reactions for the LPE/Ptcatalyst (Hz) samples. Compared to the corresponding 
LPE/Ptcatalyst (He) samples, paraffin yields increased at the expense of olefins and 
aromatics. In addition, lower residue contents were detected for the LPE/Ptcatalyst (Hz)
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samples. The size of volatile paraffins was found to depend on the catalyst pore size: 
HMCM-41 > HY > HZSM-5. However, paraffin formation temperatures depended on 
catalyst and cracking environment. Although there was no change in volatile paraffin 
formation temperature for the LPE/PtHZSM-5 (Hz) sample compared to the 
LPE/PtHZSM-5 (He) sample, temperature increases of ca. 60 °C and ca. 20 “C were 
observed for the LPE/PtHY (Hi) and LPE/PtHMCM-41 (Hz) samples compared to the 
same samples heated in helium. E, value differences between the LPE/Ptcatalyst (Hz) 
and LPE/Ptcatalyst (He) samples may be responsible for the temperature shifts. Volatile 
product slate and E, value trends cannot be explained by a single catalyst characteristic, 
such as pore size. Instead, the combined influence of acidity, pore size, and preferred 
cracking mechanism(s) for each sample must be considered.
The commercial value of hydrocarbon products obtained by plastic waste tertiary 
recycling depends on how they will be used. In general, gaseous products are less 
desirable because they can be difficult to transport and olefins are less stable than 
paraffins during long-term storage. A good cracking catalyst must convert a high 
percentage of polymer to hydrocarbon product and accumulate minimal residue during 
cracking. Thus, LPE/catalyst samples that form the highest percentage of liquid (> € 4 )  
paraffin products while accumulating the least amount of residue would be the most 
attractive for commercial applications. HZSM-5 converted LPE to volatile hydrocarbons 
at the lowest temperatures and accumulated small amounts of residue. However, this 
catalyst produced large amounts of gaseous products. HY produced higher liquid 
fractions than HZSM-5 at slightly higher temperatures, but accumulated a high 
percentage of residue. The LPE/PtMCM-41 (Hz) sample provided the best product slate
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compared to the other samples. Approximately 95% (by weight) of the LPE was 
converted mainly into parafHn products. Only ca. 4% of these products were gaseous at 
room temperature. In addition, very small amounts of liquid olefins (ca. 1%) were 
formed by this sample (Table 5-4).
A new method for calculating class-specific “effective” activation energies was 
featured in this work. Our unique TA-GC/MS and TA-MS instrumentation allows us to 
identify and quantify volatile products evolved from complex temperature-dependent 
systems. When TA-GC/MS results are used in combination with TA-MS. it is possible to 
relate isoconversion Ea values to volatile product reaction mechanisms. As shown here, 
activation energy and volatile product slate correlations can be used to characterize 
complex temperature-dependent reaction mechanisms. The methods described here are 
not restricted to polymer degradation studies and can be applied to any temperature- 
dependent reaction in which volatile products are formed. For systems in which mass 
spectrometer ions can be associated with specific substances, species-specific rather than 
class-specific correlations can be made.
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